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ABSTRACT
Diatoms and other phytoplankters were sampled at 
six stations in the lower York River, Virginia between 
September 1971 and September 1972. A Garrett-type screen 
was used to sample the surface microlayer and subsurface 
samples (1.5 and 3.0 m) were taken with a modified 
horizontal Frautschy bottle. Temporal and spatial hetero­
geneity were analyzed by numerical abundance, species 
diversity and classification strategy consisting principally 
of the Czekanowski similarity index and normal flexible 
clustering. Successional characteristics were also 
analyzed by C1* productivity measures, estimates of 
chlorophyll a and major nutrients (nitrate, nitrite 
nitrogen, orthophosphate). Vertical heterogeneity was 
consistant throughout the survey and was particularly 
evident at times of high cell densities. Surface micro­
layer samples invariably indicated higher phytoplankton 
concentrations than subsurface samples, although 3.0 m 
samples often approached, and at times surpassed, surface 
concentrations. Possible mechanisms operative in structuring 
and maintaining vertical staging among £he major phyto­
plankton groups are discussed.
The degree of horizontal heterogeneity was slight 
and was probably based in successional changes. Collective 
analysis of succession exhibited three to four major temporal 
shifts in community structure. Succession reached terminal 
stages only once, normally being disrupted in initial 
stages. Analyses of classificatory strategy showed temporal 
sorting of clusters. These groupings appeared to be based 
more on diatom species which were seasonally abundant and 
less on those which were consistantly dominant and ubiquitous. 
Vertical staging and seasonality were both reflected in 
determinations of informationaT diversity (H') evenness (J1) 
and areal (S) and numerical (R) richness. Estimates of 
primary productivity, chlorophyll a and nutrients were used 
to explain successional changes in terms of energy, biomass 
and water mass stability. The importance of collective 
analyses in the interpretation of phytoplankton dynamics in 
holocoent . environments is discussed.
TEMPORAL AND SPATIAL HETEROGENEITY 
IN DIATOM POPULATIONS OF 
THE LOWER YORK RIVER, VIRGINIA
INTRODUCTION
Diatom systematics, ecology and distribution have 
been of interest to investigators for at least the last 
150 years (Patrick, 1968). It is only recently, however, 
that numerical methods have been applied to diatom popu­
lation and community analyses. The ease with which large 
amounts of data can be amassed has prompted ecologists to 
turn to less subjective methods, and made the advent of 
numerical analysis inevitable. Unfortunately the validity 
of many of these methods in common use at this writing is 
questionable. No completely objective method is available, 
and most methods rely heavily on subjective, apriori 
decisions.
The ecotonal nature of estuaries compounds the 
problems of numerical analysis. Estuaries are characterized 
by their own unique set of chemical, physical and biological 
factors interacting in time and space with available energy 
to create optimum and/or pessimum conditions for members 
of the estuarine biocoenose. The consequences of such dyna­
mic interactions are readily apparent in neritic phyto­
plankters, particularly among estuarine diatoms. This 
necessitates inclusion of a temporal dimension in the analysis 
of estuarine floristic patterns. The resultant analysis
2
3is three-dimensional (location-species-time) and raises 
problems inherent in analyzing three-dimensional matrices 
(Williams and Stephenson, in press).
Until quite recently, comparatively little was 
known about diatom populations in the York River - lower 
Chesapeake Bay estuary. Wolfe, et al. (1926), Cowles (1930) 
and Morse (1947) made the initial considerations of seasonal 
population maxima, vertical distribution, horizontal 
gradients and species dominance. Mulford (1962, 1963a,
1963b) collected diatom and dinoflagellate data in the 
lower York River and compiled lists of preservable net 
phytoplankton for Virginia tidal waters. Patten (1962,
1963) and Patten et al. (1963) were the first to apply 
biological indices to diatom populations in the lower York 
River - Chesapeake Bay system. In addition, Patten (1965) 
reviewed earlier data (Patten et al., 1963) with regard to 
community organization and energy relationships, and ad­
vanced a model for plankton energy-depth relationships. 
Fournier (1966) performed total plankton counts in the lower 
York River (VIMS pier) from June 1962 to May 1963 in his study 
of nutrient enrichment response in phytoplankton communities.
Through these studies and other associated projects 
performed in the early and mid-sixties (Patten aid Warinner, 
1961; Patten and Chabot, 1966; Warriner and Brehmer, 1966), 
a grsat deal of phytoplankton data was accumulated. Net 
phytoplankton species lists were generated and seasonal
4patterns of species abundance were correlated with physical 
and biological parameters (principally temperature, chloro­
phyll and primary productivity).
More recently, Mackiernan (1968) sampled the York 
River from one station (VIMS pier) during 1966-67 and re­
ported, almost entirely, on the occurrence and seasonality 
of dinoflagellates. Brehmer (1970) included counts of the 
dominant phytoplankters at one York River station in his 
study of the chemical and biological parameters of Virginia 
estuaries. Gibson (Roy et al. 1970; 1971) extended estimates 
of phytoplankton populations to the surface microlayer in 
a comparison of slick and nonslick populations in the York 
River. Very recently, Stofan (1973) and Gibson (pers. 
commun.) completed surveys of vertical and horizontal dis­
tribution of phytoplankters in transects extending from 
Mobjack Bay to the York River mouth.
The present study is structured toward two principal 
objectives: (1) an analysis of spatial floristic patterns
to determine the extent of horizontal and vertical hetero­
geneity in diatom distribution, and (2) to establish the 
temporal (successional) character of diatom distribution and 
community structure. Several methods will be used to quantify 
community structure and species distribution. These analyses 
will be unique from previous York River studies in not only 
their analytical quality but also in extent of area sampled. 
This exceptional character however should not exclude 
comparative considerations.
5Ancillary objectives include: the determination of
energy depth relationships through measurements of primary 
productivity and biomass (pigment analysis), and the measure­
ment of inorganic nutrients to elucidate the nutrient-biomass 
interaction.
METHODS
SAMPLING
Samples were taken at three depths (surface micro­
layer, 1.5 and 3.0 m) from six stations established along 
a transect extending from the York River mouth to Carter's 
Creek, 22 km up-estuary (Figure 1). Each station was 
sampled monthly except during April, June and July 1972 
when stations 1, 3, and 6 were sampled twice a month.
Results from F-tests on transformed preliminary 
data showed no significant differences between replicate 
samples taken at the same depth and time at representative 
stations. Apparently, in most cases, the contagion exhibited 
by planktotrophic organisms is not on the micro-distributional 
level, using "micro" in a less rigid sense (Cassie, 1963).
With the above considerations, and for the sake of economy, 
only one 1-liter sample was taken at each depth at each 
station along the transect for phytoplankton analysis. An 
additional one liter sample was taken at each depth for 
analysis of primary productivity, nutrients, pigments, in­
organic carbon, and standard hydrographic data.
Each sample run was scheduled to begin during low 
slack water (LSW) at station 1 and LSW was followed up-estuary
6
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Figure 1. Station locations in the lower York River.
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9through each station of the transect. Sample days (Table 
1) were chosen to minimize varience where possible, i.e. 
time of LSW, sea state, weather conditions (cloud cover, 
wind, etc.) but often availability of vessel time restricted 
these considerations.
Surface microlayer samples were obtained with a 
modified screen sampler (Garrett, 1965). This sampler 
consisted of a 4-sq. foot, 16 mesh, monel screen mounted 
on a gel-coated brass frame equipped with aluminum handles 
and cross bar (Figure 2). Jarvis et al. (1967) reported 
that the upper 150-200 u of surface water is sampled by 
this device and it has recently come under fairly wide usage 
(Roy et al., 1970; Gibson, 1971; Duce et al., 1972; Stofan, 
1973). Gibson (1971) performed calibration studies on a 
screen sampler identical to the one used in this study, and 
found that screen sample results on known populations were 
comparable to Frautschy bottle samples of the same population.
Subsurface samples were obtained by casts made with 
a modified two liter horizontal Frautschy bottle.
PRIMARY PRODUCTIVITY
Potential primary productivity was determined through 
carbon uptake using and a synthesis of established 
methodology (Doty and Oguri, 1959; Strickland, 1960; 
Stricklaad and Parsons, 1968; Ward and Nakanishi, 1971; 
Nalewajko and Lean, 1972).
Figure 2. The Garrett screen-type surface microlayer 
sampler.
11
Raw seawater from each station was fractioned into 
three 25 ml subsamples and placed in wide mouth screw-cap 
test tubes (two light, one dark). Radioactive carbon as 
sodium bicarbonate - Cl4 in aqueous solution was obtained 
in 1 ml stock ampoules (1 uCi concentration). Each test 
tube was inoculated with the contents of one ampoule 
(2.2 x 1()6 dpm) and incubated for 3 hours. Incubation was 
at ambient temperature and the samples were subjected to 
automatic, constant rotation. Illumination during incu­
bation was produced by a warm white, a cool white and two 
Plant GroR (Sylvania) 40 w flourescent tubes.
Samples were fixed with five drops of 100% formalin 
at the endcof incubation to terminate photosynthesis, and 
filtered through 25 mm (0.45 u) millipore membrane filters. 
The filters were placed in glass liquid scintillation sample
vials which contained a dioxane based cocktail (PPO and
naphthalene fluors). The samples were stored in the dark 
until processed on a Beckman LS-150 liquid scintillation 
system.
Carbon uptake was determined by the following formula:
xLcpm - Dcpm 1 mg C . ,
adaed cpm * hrs. incub. * liter * 1.05 x 1000 • mgC/m /hr
where:
xLcpm * average light bottle activity in cpm,
Dcpm * dark bottle activity in cpm, 
added cpm ■ 195.8 x 10* ( 89% efficiency).
12
Dissolved inorganic carbon was determined directly from 
filtered seawater samples by combustion and infrared 
analysis (Beckman Carbon Analyser). Since mgC/L instead 
of mgCO /L was used in the above formula there was no 
need to include the correction factor to convert CO^ to C.
PIGMENT ANALYSIS
Chlorophylls a, b, and c were determined by 
extractive spectrophotometry. The methods used were 
principally those of Richards with Thompson (1952) as 
modified by Strickland and Parsons (1968; SCOR-UNESCO,
1966).
Samples were collected in 1-liter polyethylene 
bottles and divided into either 250 or 500-ml aliquots.
A few drops of 1% magnesium carbonate were added to each 
aliquot to minimize chlorophyll decomposition and the 
resulting accumulation of degradation products. Each 
aliquot was filtered through a 47-mm diameter Gelman Type 
A glass filter; filters were stored under cold desiccation 
or immediately ground with a tissue grinder in the presence 
of 904 acetone. The grinder contents were then transferred 
to 15 ml stoppered centrifuge tubes and topped with 90% 
acetone. Extraction was allowed to proceed for 24 hours 
with intermittent shaking. After extraction the tubes 
were allowed to warm and then were centrifuged. The resulting 
supernatants were placed in 1 cm path length curvetts and 
extinction measurements made against a 90% acetone blank 
at 750, 663, 645 and 630 /im on a Cary 15 spectrophotometer.
13
The SCOR-UNESCO equations (1966) were used to calculate 
mg of pigment/m^. No attempt was made to determine the 
concentration of chlorophyll degradation products in these 
samples.
Since the total number of samples was large, 
chlorophyll c was determined by the SCOR-UNESCO equations 
of the trichromatic method, although it was understood 
that this method has an inherent positive error (Parsons 
and Strickland, 1963).
NUTRIENT ANALYSIS
Analysis of nutrients was performed on 50 ml aliquots 
obtained from the pigment analysis filtrates. The aliquots 
were collected in 100 ml polyethylene screw-cap bottles 
and stored frozen after the addition of HgCl.
Nitrate nitrogen, nitrite nitrogen and I.S.R. 
phosphorus as orthophosphate were determined by automated 
nutrient analysis (Beckman Auto-Analyzer), with procedures 
recommended by Strickland and Parsons (1968).
PHYTOPLANKTON ENUMERATION
Field samples were collected in wide mouth glass 
jars and fixed immediately with neutralized formalin. In 
the laboratory, these samples were allowed to settle and 
the supernatant siphoned off to yield 200 ml concentrates 
of each 1-liter sample^. The concentrates were stored in 
250 ml polystyrene tissue culture flasks.
14
Quantification of phytoplankton populations was 
accomplished by the Utermohl method (Utermohl, 1958) as 
modified by Lund et al. (1958) and outlined in Ahlstrom 
(1969). The concentrates were shaken and replicate sub­
samples withdrawn. The subsamples were placed in 5 ml 
counting chambers and allowed to settle for 16-24 hours.
A central cm^ of each chamber was examined on a Zeiss 
Standard UPL inverted microscope under both phase contrast 
and Kohler bright-field at 400 and 250 x. Subsample census 
results were pooled to estimate sample populations.
All diatoms were counted and identified. Dino- 
flagellates were counted and the dominant species identified. 
Other phytoplankters enumerated included; cryptophytes, 
silicoflagellates, euglenoids, and flagellated chrysophytes. 
In most cases these phytoplankters were identified only 
tentatively, if at all.
The above procedures make it necessary to qualify 
the quantitative and qualitative sample results. The counts 
were made from fixed samples and since several phytoplankton 
types, particularly the unarmored flagellates, are destroyed 
by the preservative, the sample counts represent only the 
total preservable phytoplankton. Therefore when the terms 
"total plankton" or "total phytoplankton" are used in 
succeeding sections it is meant to refer only to those 
phytoplankters that are preservable.
15
NOTES ON DIATOM TAXONOMY
The problem of diatom taxonomy became readily 
apparent after the formulation of the "Formwechsel" 
doctrine (Geitler 1932). The acceptance of "natural 
changes in form" compounds the recognized difficulties 
encountered in present day diatom taxonomy; the extremely 
large number of recognized species [Mills (1933-35) lists 
60,000 species and varieties, and over 10,000 new taxa 
have been proposed since 1935], new diatom taxa are being 
described at the rate of one per day, and some diatom 
genera and species show indications of evolving at a 
tremendous rate in modern times particularly under condi­
tions or organic pollution (VanLandingham, 1967).
The new student of diatomology is additionally 
burdened with problems that rapidly become axiomatic 
(i.e.; complex terminology and morphology, scattered 
literature in many different languages, and confusion con­
cerning the over 80,000 taxonomic names). VanLandingham 
(1967) summarizes these problems in his note on the plight 
of diatom taxonomy and suggests that they are the main 
reasons why there are so few students of diatoms.
The above discussion is meant to preface, not excuse 
my handling of diatom taxonomy. In general, standard 
traditional references (Van Heurck, 1880; 1881; 1896;
Cleve, 1894; Peragallo, 1897-1908; Boyer, 1916; 1927a; 1927b; 
Hustedt, 1930; 1938; etc.) as well as more recent descriptions 
(Cupp, 1943; Cleve-Euler, 1953; 1955; Hustedt, 1959; Hendey,
16
1964; Butcher 1967; etc.) were used to derive taxa. Van­
Landingham (1967-1971) and Patrick and Reimer (1966) 
were used to validate taxonomic names. Since neither 
catalogue is complete, the validation of several genera, 
species and varieties was not performed.
Many identifications at the species level and 
several at the generic level, were made tentatively. Those 
taxa that were truly questionable are followed by a question 
mark when mentioned in succeeding sections. Because of 
the repeated presence of intermediate forms, Coscinosira 
polychorda and C. oestrupii are lumped as one species 
(C. polychorda), as was Chaetoceros subtilis and C. subtilis 
var. abnormis. (C. subtilis). The status of Coscinodiscus 
concinnus is questionable (Holmes and Reimann, 1966) and it 
was listed together with C. granii as one species, (C. granii). 
It has recently been suggested that Coscinodiscus excentricus 
be reclassified as Thalassiosira eccentrica (Fryxell et al., 
1972). In this study the traditional nomenclature has been 
retained. Finally, the traditional status of Coscinodiscus 
asteromphalus and C. sub-bulliens has also been retained 
although there is, at present, evidence which suggests that 
they are probably not separate species (indeed, what does 
constitute a diatom species?).
COMMUNITY STRUCTURE ANALYSIS
Ever since the advent of the species diversity index 
(Fisher et al., 1943; MacArthur, 1955; Margalef, 1958)
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ecologists have increasingly ignored the more traditional 
methods of community analysis (species abundance and 
occurrence lists, etc.)* To totally ignore these traditional 
methods, which may in many cases be more substantive, is 
unreasonable. Hurlbert (1971) suggests that many efforts 
which use only diversity indices, do so at the expense of 
basic community ecology concepts. In this study both 
traditional methods (abundance, relative abundance and 
occurrence) and indices of diversity, evenness and richness 
were used to analyze community structure.
The use of information theory, as the basis of 
diversity indices, is rapidly displacing other techniques 
of diversity measurement (Margalef, 1958; Hairston, 1959; 
MacArthur, 1964; Lloyd and Ghelardi, 1964; Pielou, 1966a). 
Since the type of collections (samples) in this study would 
be described by Pielou (1966b) as type B or "large collections 
from which random samples can be drawn and all or almost 
all, the species identified", only an estimate, H' (Shannon 
and Weaver, 1963), rather than the true population diversity,
H (Brillouin, 1960) can be made. Shannon's index (Shannon 
and Weaver, 1963) is
”:^.pil0gpi 
1 = 1
where is the proportion N^/N or the ratio of the number 
of individuals of the ith species to the total number of 
individuals, and S is the total number of species. This
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estimate is relatively insensitive to the rarer species 
and has been criticized for ignoring the possible ecological 
importance of rare species (Sager and Hasler, 1969). Since 
diversity, as measured by the above formula, does not imply 
ecological importance, these criticisms are not valid. 
Shannon's formula derives a measure of community structure 
and structurally rare species are a minor component.
The actual usefulness of diversity indices based 
on information theory is considered somewhat dubious 
(Patten, 1968; Hurlbert, 1971). They are, however, in wide 
use and they do provide an index that relates species 
richness (the number of species present) with evenness 
(the distribution of individuals among these species). The 
need for such indices is obvious, since the structure of 
two communities containing the same number of species and 
the same number of individuals can be very different. In 
this respect the use of a diversity index is justified, 
although its use in this study was restricted to the analysis 
of abundance or structure and no ecological importance is 
implied. In addition, diversity measurements are presented 
in association with measurements of its components (evenness 
and richness). With this limitation, diversity values can 
hopefully be viewed in the context of their true meaning, 
i.e., a function of the relationship between evenness and 
richness.
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Species richness was measured by two methods; species 
counts per sample (S), which yield values of areal species 
richness (Simpson, 1964), and species counts as a rela­
tionship between the number of species in the sample and 
the total number of individuals which yield values of 
numerical species richness (R). Numerical species rich­
ness was determined by the ratio
R = S-1/lnN (Margalef, 1967)
where S is equal to the number of species and N, the total 
number of individuals in the samples. This estimate reforms 
the areal richness values to accommadate the phenomenon of 
increasing species richness to increasing N, thus giving a 
relationship between the number of species and the number 
of individuals in a collection.
Evenness or equitability is the ratio of observed 
diversity to maximum diversity and normally takes the form
V= min 
Amax- Amin
where A is the observed value of the parameter (diversity),
A max is the value of the parameter if all the species were 
equally abundant and A min is the value of terminate un­
evenness (all species represented by one individual and one 
species represented by N-(S+1) individuals). In this study 
evenness is better represented by
V'= A 
A max
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or in the terms of Pielou (1966b) :
where H'max is the log S.
Computations of diversity, evenness and richness 
were made by an IBM 1130 computer at the Computer Center 
of the Virginia Institute of Marine Science.
CLASSIFICATION
The problems inherent in the analysis of three- 
dimensional data, location (L) x species (S) x time (T) , 
are legion (Williams and Stephenson, in press). In this 
instance a compromise solution was reached by lumping 
locations and times into N group classifications. It was 
then possible to regard the matrix as a two-dimensional 
system, with the dimensions N x S. The information derived 
was used to discriminate between temporal and spatial 
differences as reflected by inter-group discontinuities 
(Williams et al., 1969).
Three classification strategies were used to deter­
mine the relationships of the N groups. A coefficient of 
similarity based on presence and absence data was used to 
indicate qualitative resemblance. The coefficient used was 
that of Sorensen (1948) which represents the similarity of 
two individuals by:
2C
a ,b A +"¥
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where
C ■ the number of cooccurrences
A = number of occurrences of one species
B ® number of occurrences of the other species
A second index was selected which considered 
abundance data, yet was unbiased toward the domination of 
the index by the most abundant species, i.e. a compromise 
between qualitative and quantitative measures. This was 
the Canberra "metric" dissimilarity index, an average of 
a series of fractions reflecting the dissimilarity in 
the abundance of each species. The suppression of domi­
nance bias is accomplished by containing the coefficient 
between 0 and one in a standardization by total number of 
species (n);
n Ixli - x2il 
dl ,2 " 1 | (*li + x2i)
where
xli “ importance value of the i^ th species of one sample 
(station) and X£± ■ importance value of the ith species of 
the other sample. This index was selected because many of 
the dominant species were ubiquitous and Boesch (in press) 
and Stephenson et al. (1972) found it useful in overcoming 
similar problems with marine benthos.
The third coefficient used was that of Czekanowski 
(Bray § Curtis, 1957). It is a quantitative similarity 
index and is represented by:
C_ = 2W 
2
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where
W « sum of the lesser measures of each species for the 
station pair, A - stun of the measures of abundance at 
one station, and B ■ sum of the measures of abundance at 
the other station. This coefficient may be calculated as 
a dissimilarity index in the form:
where
x ^  s is a measure of importance of the ith species in 
sample 1 and X2j * is a measure of importance of the ith 
species in sample 2. This value was then substracted from 
one to give index values of similarity. In this notation 
the Czekanowski coefficient of similarity would take the 
form
This coefficient differs from the other Manhatten metric 
used (Canberra "metric") in that abundant organisms outweigh 
less abundant forms and the values obtained can be dominance 
biased.
Cassie (1959) and Williamson (1961) have shown that 
the distribution of sample counts of plankton are contagious. 
Thus these counts were brought towards normality by the 
application of a logarithmic transformation (Cassie, 1962),
S1,2 ■ 2Zmin
Y = log10(l+x)
where
x ■ untransformed sample counts.
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Transforming the data also reduces the scale 
problem common to metric coefficients (Boesch, in press).
This results because there may be large differences in the 
importance values of the species in a pair of samples, 
even though there may be a high degree of correlation or 
cooccurrence. By transforming the data, the scale of 
abundance has been compressed with the effect being a 
reduction of distance between the Xlilg and X2jis of 
the sample.
Classification strategies were used to construct 
symmetrical similarity and dissimilarity matrices. The 
matrices were computed by normal analysis with N groups 
as individuals and species as attributes and by inverse 
analysis with species as individuals and N groups as 
attributes. From these matrices individuals were clustered 
by flexible sorting (Lance and Williams, 1967) an 
agglomerative hierarchical strategy which appears to be 
efficacious under the present circumstances (Williams, 1971). 
This is a combinatorial, compatible strategy which is 
space-dilating when B (cluster intensity coefficient) is 
set below zero (B was set at - 0.25).
Computation of classification and cluster strategies 
were accomplished on an IBM 360/50 computer at the Computer 
Center of the College of William and Mary. Programs for 
these computations were written by Amos Bien and modified by 
Donald Boesch and Robert Diaz.
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DESCRIPTION OF SAMPLE AREA
The York River is a major sub-estuary of the 
Chesapeake Bay System (Figure 3). It is an estuary 
throughout its length (55 km) and is formed by the con­
fluence of two main tributaries, the Mattaponi and Pamunkey 
Rivers. The total York River watershed encompasses nearly
7,000 km^ of Piedmont and Coastal Plain Virginia (Brehmer, 
1970).
Using Pritchard's system of estuary classification 
(1967), the York River - Chesapeake Bay system can be called 
a drowned river valley or coastal plain estuary. The York 
River is a weakly stratified horizontal boundary estuary. 
Salinity variation over the tidal cycle is slight and 
salinity decreases gradually upestuary. There is a slight 
dextral salinity gradient looking up-river.
Variations in salinity and temperature at fixed 
points in the estuary are principally seasonal. Figure 
4 summarizes average surface salinity and temperature data 
for the lower York River from January 1970 to December 1972. 
Fresh water influx into the York River estuary is summarized 
in Figure 5. Both figures show the strong influence of 
Hurricane Agnes which occurred on 21 June 1972. During July 
and August of that year the estuary experienced an extremely 
large influx of fresh water as a direct result of this storm. 
Recorded data from extensive surveys by VIMS (Operation Agnes) 
indicate that many measurable parameters were affected and 
the normally strong predictable estuarine cycles exhibited 
by the York River were significantly altered.
BALTIMORE
WASHINGTON
iSTcSrFOLK
Figure 3. The Chesapeake Bay system.
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The locations of the sampling stations along the 
York River transect are listed in Table 2. Three stations 
were established along an almost east-west transect from 
the Yorktown Gloucester Point constriction to the river 
mouth (Figure 1). These stations were approximately 
equidistant from each other and all were essentially mid­
channel stations. At the Yorktown-Gloucester Point con­
striction the York River turns abruptly northwest. Three 
stations were established above this constriction on a 
mid-channel transect from the Yorktown Naval Weapons Station 
to Carters Creek (Figure 1). Again the stations were 
approximately equidistant, although the intervals between 
these stations were somewhat shorter than those in the 
lower river.
Under the Venice System for the classification of 
brackish water (Carriker, 1967) the surface waters of the 
three lower York River stations fluctuated between poly- 
haline (18-30o/oo) and mesohaline (5-18o/oo) classifications. 
The stations above the constriction could always be classi­
fied as mesohaline except during September, 1971 when at 
both stations 4 and 5 polyhaline salinities were recorded. 
Variation in salinity over the six-station transect averaged 
4.2o/oo (range 2.1 to 6.5o/oo) and temperature variation 
averaged 1.25°C (range 0.26 to 2.20°C).
The York River is one of a rapidly dwindling number 
of relatively unpolluted east coast estuaries. There are 
approximately 120,000 people inhabiting the York River basin
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TABLE 2. Station Locations
STATION LANDMARK LATITUDE LONGITUDE
1 York River Mouth 37°14'40"N 76°22'35"W
2 Oil Refinery 37°14110"N 76°26110"W
3 Yorktown Constriction 37°14'20"N 76°29'05MW
4 Naval Weapons Sta. 37°15'40"N 76°31'40"W
5 Timberneck Creek 37°16'50"N 76°33'35"W
6 Pages Rock 37°18110"N 76°15'10"W
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with highest concentration located in the town of West 
Point at the head of the estuary. Domestic organic sewage 
is a major pollution source with additions occurring prin­
cipally at West Point sewage outfalls and secondarily at 
Yorktown, slightly above the river constriction. Industrial 
wastes are limited to craft-pulp mill additions at West 
Point and additions from an oil refinery and a steam- 
electric generating plant, both located at Yorktown.
RESULTS
FLORAL DISTRIBUTION
A total of 256 samples were examined, yielding 53 
diatom genera and 197 species. Dominant dinoflagellates 
contributed an additional 18 taxa (6 genera) and other 
groups (Cryptophyceae, Euglenaceae, Crysophyceae) 8 taxa 
(Appendix A). Several taxa, including 4 positively 
identified genera (Attheya, Caloneis, Cylindrotheca and 
Eunotogramma) that previously have been unreported for the 
lower Chesapeake, were recorded (Gibson and Manzi, in 
preparation). The diatom flora was generally dominated by 
pelagic neritic centricae (Skeletonema, Ceratualina, 
Rhizosolenia, Cyclotella, and Leptocylindrus) including 
several holoplanktonic species (Chaetoceros, Thalassiosira). 
Neritic pennatae were generally less abundant, with the 
exceptions of Thalassionema and Achnanthes, and several 
tychopelagic groups were well represented (Navicula,
Nitzschia, Amphora).
The average monthly abundance of the more dominant 
diatoms is represented in Figure 6 . This figure was con­
structed from average values of each of the ten most dominant 
diatoms at each station for each cruise. Because of the 
restrictive nature of this selection method, gaps that appear 
in the abundance curve of a particular species do not
31
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Figure 6. Abundance of the more common diatom taxa in the 
York River estuary.
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necessarily reflect absence but may indicate low concen­
trations. Two environmental parameters (temperature and 
salinity) as monthly averages, are also represented on this 
figure. The inclusion of these parameters allows for an 
approximation of "direct gradient analysis" (Whittaker,
1967). In this case, however, the gradient is temporal and 
bionomial rather than spatial and linear. The species 
curves seem independent and display a range of modality. 
Whittaker's (1967) proposal of the binomial distribution 
of a species along a gradient is falsely maintained in 
some cases (e.g. Thalassionema nitzschiodes) but is readily 
apparent in others (Skeletonema costatum) . In general the 
distributions of species are independent of each other, 
with a great deal of coincident overlap. This resembles 
the current concepts of distributional continua rather than 
the more traditional view of discrete communities charac­
terized by definitive species groups (Braarud et al., 1953).
A complete listing of species occurrence, with indications 
of abundance, is located in Appendix B.
Tables 3 through 18 present monthly total phyto­
plankton data for each station. In general floristic 
patterns followed temporal rather than spatial (with the 
exception of vertical distribution) trends so the following 
discussion will proceed in chronological order.
September, 1971 samples (Table 3) were dominated by 
Skeletonema costatum, Thalassionema nitzschoides, Rhizosolenia
fragilissima, Achnanthes sp. I, and Asterionella japonica.
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As a group the diatoms were very abundant, reaching con­
centrations as high as 5774 cells/ml (96% of the total 
phytoplankton). Their average concentration per sample 
was 2433 cells/ml which constituted 82% of the total 
phytoplankton. September was one of only a few months that 
exhibited strong horizontal (up-estuary) changes in phyto­
plankton populations. Dinoflagellates, which were minor 
components of the plankton at the lower four stations, 
became principal components at station 5 and dominant at 
station 6 . Prorocentrum micans and Prorocentrum minimum 
were the major dinoflagellates at the lower stations and 
were gradually replaced up-estuary by Peridinium triquetrum, 
which became the primary dominant at station 6 . Cryptophytes 
and euglenoids decreased up-estuary, and in the case of the 
cryptophytes, this diminution was as emphatic as that of 
the diatoms, although at a scale an order of magnitude 
lower. Vertical stratification was evident at all stations 
but was more demonstrative among the diatoms than any other 
group. Surface samples consistantly yielded higher counts 
than subsurface samples. In general 1.5 m samples were 
considerably lower than both surface and 3.0 m samples. The
3.0 m samples often showed concentrations considerably higher 
than those at 1.5 m, and often these counts approached 
surface concentrations.
Table 4 summarizes the total phytoplankton results 
of the October samples. Total phytoplankton concentrations
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were somewhat lower than September (1822 cells/ml) and 
average diatom relative abundance was slightly higher 
(91%). Leptocylindrus danicus, Skeletonema costatum, 
Thalassionema nitzschoides and Thalassiosira decepiens 
were the dominant forms and together accounted for almost 
80% of the plankton community. Dinoflagellates composed 
an average of 3% of the sample populations and were re­
presented principally by Prorocentrum micans. Prorocentrum 
minimum, Peridinium quinquecorne and Peridinium triquetrum.
The up-estuary shift in the structure of phytoplankton 
populations so evident in September was not supported by 
the October samples. Diatom and dinoflagellate populations 
remained relatively stable from station to station. The 
only group that gave any evidence of horizontal disparity 
were the euglenoids which showed a tendency for higher 
concentrations at the upriver stations. Vertical strati­
fication of the phytoplankton was less conspicuous, 
perhaps a result of greater mixing of surface waters higher 
winds prevalent during the October sampling.
November samples (Table 5) produced the lowest sample 
counts of the survey. Total plankton concentrations averaged 
315 cells/ml, an order of magnitude lower than most samples. 
Skeletonema costatum, Thalassionema nitzschoides and 
Chaetoceros subtilis were the most prevalent of the diatoms 
which composed approximately 38% of the total phytoplankton.
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Dinoflagellates, primarily represented by Prorocentrum 
minimum, Peridinium nudum, Peridinium triquetrum, Peridinium 
subinermi and Diplopsalis rotundata, were relatively 
common (81 of the total phytoplankton). Cryptophytes 
constituted a major part of the November samples (37%) and 
together with the euglenoids comprised 54% of the total 
phytoplankton. The depressed surface counts and total 
station counts at stations 1 and 3 are probably the result 
of extensive surface slicks (natural?) that occurred at 
these stations during the November sampling. Little 
horizontal disparity was evident among the diatoms, however, 
dinoflagellates and euglenoids exhibited a gradual diminution 
up-estuary and cryptophytes displayed a tendency to increase 
in concentration at the upriver stations. Vertical strati­
fication was less apparent than at most other times of the 
year, although the euglenoids showed some bias for the 
surface microlayer.
December (Table 6) brought about an increase in 
total phytoplankton (787 cells/ml) and a marked increase in 
dinoflagellate concentrations (367 cells/ml). Dinoflagellates 
provided the largest percentage (47 of plankton for these 
samples, expressed chiefly by Prorocentrum minimumi Peridinum 
triquetrum and Diplosalis rotundata. Three species, 
Skeletonema costatum, Rhizosolenia fragillissima and 
Ceratualina pelagica were principals of the diatom population
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40% of the total plankton). Cryptophytes composed most 
of the remaining community. Vertical and horizontal sample 
dissimilarity was evident but not strongly.
Skeletonema costatum overwhelmed the January samples 
(Table 7) in which diatoms were predominantly characteristic 
(90% of the total phytoplankton). Other diatom taxa that 
showed abundance included Cyclotella sp., Rhizosolenia 
fragilissima and Ceratualina pelagica. Peridinium triquetrum 
was the only common dinoflagellate species and accounted for 
most of the remaining plankton. Other groups were rela­
tively rare and generally composed less than 3% of the total 
phytoplankton. A heavy slick at station 6 was reflected in 
depressed population estimates of the surface microlayer bu 
was less apparent in subsurface samples. Vertical strati­
fication was evident particularly among diatoms. Little if 
any evidence of horizontal changes in plankton communities 
was exhibited.
February samples (Table 8) exhibited results that 
were similar to those observed in January. Diatoms composed 
approximately 83% of the plankton, with no change in dominant 
species except for an increase in abundance of Asterionella 
japonica. Dinoflagellates were more numerous (300 cells/ml) 
and accounted for about 16% of the individuals counted. Many 
more dinoflagellate species were evident in these samples 
than in those of the previous month, although most of the dino 
flagellate abundance was attributable to Peridinium triquetrum 
Diplopsalis rotundata and Prorocentrum minimum.
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The greatest numbers of phytoplankton occurred in 
March (Table 9) and early April (Table 10) when average 
counts of 6152 and 7658 cells/ml respectively, were re­
corded. Diatoms were extremely abundant (>90% of the 
plankton), particularly the species Cerataulina pelagica, 
Cyclotella sp., Coscinosira polychorda, and Skeletonema 
costatum. Dinoflagellates and other groups were only 
minor contributors to cell density (<2%) except in early 
April when cryptophytes became numerous at the lower river 
stations. Strong vertical stratification was evident at 
all stations during this period, especially among the 
diatoms. This trend was disrupted at station 6 during 
March when low cell densities were recorded at the surface 
microlayer. Again, this appeared to be due to the presence 
of an oil slick at this station. Cerataulina pelagica 
occurred in extreme abundance, particularly in the surface 
microlayer samples, reaching concentrations as high as 
20924 cells/ml. This one species often accounted for more 
than 60% of the total plankton, and in the above instance 
over 85%. In March, silicoflagellates became fairly common 
at the upper river stations but still composed less than 
1% of the total phytoplankton.
Samples collected during mid April (Table 11) and 
May (Table 12) were relatively consistent. Diatom counts 
were much reduced and the group became more diverse.
Prominent diatom taxa included Cerataulina pelagica, 
Cyclotella sp., Nitzschia pungens var. atlantica, Chaetoceros
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compressus, Coscinosira polychorda and Coscinodiscus 
excentricus. Diatoms were replaced as dominants by 
cryptophytes in April and euglenoids in May. Dino­
flagellates were minor plankton components except at the 
upriver stations and were represented principally by 
Peridinium marielebourae. Peridinium nudum. Peridinium 
quinquicorne. Prorocentrum minimum and Diplopsalis obicularis. 
Diatoms declined in both species and concentration up- 
estuary. Dinoflagellates reversed this trend somewhat, 
particularly in the May samples, exhibiting higher con­
centrations at stations 5 and 6. Euglenoids became very 
abundant in May, and at one station (6-surface) reached 
concentrations as high as 13848 cells/ml (98% of the total 
plankton).
Diatom populations increased in June (Tables 13, 14) 
and were once again the dominant phytoplankters (83%).
Diatom concentrations averaged 1417 cells/ml and prominent 
forms included; Skeletonema costatum, Cyclotella sp., 
Thalassiosira rotula, Rhizosolenia fragillissima, Cerataulina 
pelagica, Thalassiosira nana, Chaetoceros subtilis and 
Chaetoceros convolutus. Total sample counts at stations 4,
5, and 6 in mid-June (Table 14) were reduced and again this 
seemed to be the result of an extensive light surface slick 
which was present at station 4 and extended upriver to 
stations 5 and 6 . Dinoflagellate populations were estimated 
at the same range of relative abundance as the previous 
month (5-8%) although average sample counts were somewhat
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lower (111 cells/ml). Dinoflagellate taxa were very 
diverse (see Appendix B) but only two genera, Diplopsalis 
(D. obicularis, D. lenticula) and Peridinium (P. trochoidium) 
accounted for most of the group's density. Other groups 
were much reduced from the May samples and comprised an 
average of only 101 of the total phytoplankton. Horizontal 
stratification of phytoplankton was difficult to analyze 
because of the extensive surface slick at the upriver 
stations and vertical disparaties in phytoplankton distri­
bution were less common than at most other times of the 
survey.
Dinoflagellates, primarily Peridinium quinquecorne, 
Peridinium nudum, Peridinium triquetrum, Prorocentrum 
minimum, and Prorocentrum micans, were the most abundant 
group in the July samples (Tables 15, 16). They averaged 
45% of the total phytoplankton and were recorded in densities 
as high as 6270 cells/ml (81% of the sample population).
Both cryptophyte species (Chilomonas sp., Cryptomonas sp.) 
were numerous and together accounted for almost 30% of 
the sample populations. At one station (1,3.0 m) they 
reached a density of 1975 cells/ml, ascending to 54% of 
the total plankton. Diatom concentrations decreased from 
June with sample averages of 420 cells/ml in early July 
and 891 cells/ml in mid-month. As a group diatoms constituted 
an average of between 13 and 32% of the sample counts. They
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reached concentrations as high as 1867 cells/ml and were 
characterized mainly by Cyclotella sp., Chaetoceros subtilis, 
Skeletonema costatum. Cyclotella striata, and Cocconeis 
scuteHum. Strong vertical stratification in abundance 
was evident in mid-July samples but was less common in 
samples taken earlier in the month.
Table 17 summarizes the results of the August samples. 
Diatoms again became dominant, averaging cell densities 
of 999 cells/ml (49% of the total phytoplankton), and were 
represented principally by Cyclotella sp., Skeletonema 
costatum, Guinardia flaccida, Thalassiosira rotula, 
Thalassionema nitzschoides, Chaetoceros compressus and 
Achnanthes sp. Dinoflagellate abundance decreased and as 
a group they comprised approximately 23% of the plankton. 
Dinoflagellate cell concentrations averaged 451 cells/ml 
per sample and the most salient species included Peridinium 
nudum, Prorocentrum minimum and Prorocentrum micans. Other 
groups were relatively well represented and together accounted 
for 28% of the total phytoplankton. Cryptophytes averaged 
513 cells/ml providing most of the density of the other 
groups. Silicoflagellates (Ebria tripartita?) were more 
abundant than in any preceding month but still averaged 
only about 10 cells/ml (less than 1% of the plankton).
September, 1972 samples (Table 18) showed a marked 
increase in the density of cryptophytes (802 cells/ml) and 
a concurrent decrease in dinoflagellates (30 cells/ml).
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Cryptophytes, principally Cryptomonas sp., were the dominant 
forms (53% of the total plankton) and were recorded in 
cell densities as high as 2611 cells/ml. Dinoflagellates 
comprised less than 2% of the total phytoplankton and were 
represented almost completely by three taxa; Ceratium furca, 
Prorocentrum minimum and Prorocentrum micans. Diatoms were 
slightly less abundant than in August and averaged a cell 
density of 655 cells/ml, which contributed slightly more 
than 43% of the total phytoplankton. The diatom population 
was dominated by one species, Thalassionema nitzschoides 
which reached concentrations as high as 1484 cells/ml 
in one sample (station 2 - surface). Other prominent 
diatoms included Skeletonema costatum, Cyclotella sp., and 
Achnanthes sp. III. Total phytoplankton abundance showed 
evident vertical stratification, enhanced particularly by 
the diatoms. This phenomenon was less discernable in the 
other groups. Perceptible changes in abundance occurred 
up-estuary. Silicoflagellates were observed most often in 
the September samples (12 cells/ml) but still played a 
minor role in phytoplankton structure (less than 1%).
In summary, diatoms greatly dominated the phytoplankton 
of the lower York River estuary, as is the case in most east 
coast estuaries (Riley, 1967). Skeletonema costatum was 
the most ubiquitous dominant occurring during all months 
at almost every station. Mulford (1972) noted that this 
species is the most ubiquitous single diatom in Chesapeake
64
Bay and its tributaries. Both past and recent studies in 
the Chesapeake (Mulford, 1962; Patten et al., 1963;
Marshall, 1967; Stofan, 1973; and Gibson, pers. commun.) 
certainly confirm this statement and the results of the 
present work. Skeletonema costatum apparently occurs 
abundantly in her east coast estuaries and has been 
reported as a dominant in Narragansett Bay, Rhode Island 
(Smayda, 1957), Great Pond, Massachusetts (Hulburt, 1956), 
Sandy Hook Bay, New Jersey (Kawamura, 1966), and Cape Fear 
estuary, North Carolina (Carpenter, 1971).
Of the other dominant diatoms, Cerataulina pelagica, 
Rhizosolenia fragilissima, Chaetoceros subtilis, Asterionella 
japonica, Leptocylindrus danicus, Thalassionema nitzschoides, 
Cyclotella sp. and Thalassiosira (T. decipiens, T. nana,
T. rotula) , all have been recorded as abundant in the 
Chesapeake, with the exception of Cyclotella sp. This 
species was present in all months but October and extremely 
abundant in March-April and June-July-August. Together with 
Cyclotella striata, the genus was an important component of 
the estuarine planktonic flora.
The relative abundance of the major phytoplankton 
groups over the 13 month sampling period is illustrated in 
Figure 7, and quantified with average sample censuses in 
Table 19. Both show the strong influence of the diatoms 
throughout the year. This group showed pulses in early fall, 
throughout the winter and through most of spring. Dinofla- 
gellates were much less abundant during this study than in
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most of the previous work performed in the York River.
Stofan (1973) and Gibson (pers. commun.) however, noted 
the same deficiency of stable dinoflagellate dominance.
This situation was very evident in Stofan's (1973) comparison 
of samples from the York River and adjacent Mobjack Bay.
In the present survey dinoflagellates were dominant on 
only two sample dates, mid-December and mid-July, and were 
major plankton constituents in mid-April, and early July 
and August. Other groups (Cryptophyceae, Chrysophyceae, 
Euglenophyceae) exhibited three major pulses, a crypto- 
phyte maxima in mid-fall, a cryptophyte-euglenoid maxima 
in April-May and a diverse flagellate maxima in July and 
late summer. Total phytoplankton population maxima did not 
follow the bimodality (spring and autumn) evinced by 
Wolfe, et al. (1926), Cowles (1930) and Morse (1947) for 
the Chesapeake Bay. Instead total phytoplankton seasonality 
(Table 19) is better depicted by five periods of population 
maxima; a late summer pulse in September, an early winter 
pulse in late December and January, an early spring peak 
in March and early April, a mid-spring peak in May and a 
summer pulse in July. This pattern of phytoplankton 
seasonality resembles quite well the results of Patten et 
al. (1963) at their York River stations. The refutation of 
bimodal population maxima seems to result from a more complete 
analyses of samples. Patten et al. (1963) states that 
earlier work allowed for treatment of only the larger forms
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due to methods of collection and preservation, and that 
a different pattern of seasonality emerges from consider­
ations of phytoplankton in toto.
If one includes the Pyrrophyta in considerations of 
the total flagellate population, the flagellates would 
rival the diatoms as principal plankton components. In 
this study flagellates would be the dominant phytoplankters 
50% of the time (Figure 7) and thus should be considered 
equal to the diatoms in importance. Based on these ob­
servations it is necessary to agree with Patten et al.
(1963) in their assertion that flagellates should be accorded 
greater significance in the Chesapeake Bay plankton than 
they have had in the past.
The above discussion, while fully documenting temporal 
changes in phytoplankton, does little to elucidate spatial 
heterogeneity (both vertical and horizontal). Phytoplankton 
abundance arranged by station and cruise is recorded in 
Table 20. In general horizontal changes in abundance as one 
proceeds up-estuary are not striking. Two trends to develop, 
however, and are fairly consistent over the sampling period. 
First, there was normally a diminution of individuals from 
station 1 to station 6 . This change was usually not gradual 
and linear, and intermediate stations fluctuated in abundance, 
but station 6 exhibited concentrations lower than those ob­
served downriver, more often than not. Second, there were 
often changes in the relative abundance of the different
o oo CO H CMo CM 00 CM H oo H H COinOl
10 ro CO CO in CM p* COo CO CM ©■ VO V0 Ol H p»r- H H CM a>H ©• 00 V0 ©• H in CM
CM H CM H CM CM H
m ©•Ol 00 00©• Ol r-o H 10 V0 CM 01 r* ©• ©v r*
CM CM 09 00 m CO o in 09 O CO ©• e ro Ol 00H
10 O 01 00 H p* ©• o 00 00 VO Ol o o Ol H in Ol
CM H CM H H H H rH H H H
ro in 10
V O D O  
H  CM
(SO M
0  O01 oo ro10 r-t
vc oin
CO CM 01 
o v O h
OhVD
oo oi h  
r** cm o
vo ^  o  
H O h  
OV H  H  
CM rH rH
H  ro oo 
01 r» in 
^  oo oo
CM
H  oo m  in (0HH 
00 CM CM 
OV OV 9V 
CM CM
oo m  h
CO CO
CM Ol Olo  «*» r*
00 CM
in
O  00 CO v o m n  10 CO
r* cm r-
rH m  COco co 
CM
rH VO CM 01 P- 10 
O  rH CM
CM CM CO
M i n o
Ol CM rH
10
m  in H  O 10 
rH CM
00 in O
01 CM Ol
co nr* 
in
p» cmCO H M H  Ol 10
0  10 O
01 r» v0
Ol CM ©•
CM CO H  
CM O  Ol 
O  CM CO
o  r*
CM
Ol CO M1 
CM Mr 10
oo cm r*
H  CM
Ol Ol H  
Ol 10 o  
CM H  CM
00M*ri 
00 *0 Ol 
CM Ol 
CM
Ol ©• 01 r* o  cm v  r*
CM Ol
©• p* co 
r» © cm
in O M
*r
o  h  oo
CM H
CO CM CO
moos*
CO H  Ol
r* in r-CO Ol 00
in v  cm
co Ol o
H  10 <0 
CM in CM
00 H  Ol 
CO 10 H
c
o
•H
3
CO
J3o
s
COu
a
•s
<0
oL
s
!
8
o
OS
C M M M o  r* ^ 00 H  O
r* oo cm CO 00 o CM 01 CO
oo h  m CO CM H GO CO *0
H  CM 00 CM 01
H H
oi m  h oi oo m cm r* co 00 H  CO r* o  oo
CO 00 o CO co CO CO 01 o M* CM CM HOI 00 01 H  CM
00 H  CO r* H  vo r* in O H M P* H  M* in 00 CM
CO o CO CO in ©■ CM H
H CM H H CM
in io io CM H  H O  O  CM H  ^  CM M c o r ro cm n*
V0 CM CM M N H CO 01 10 in vo cm 00 CO CM H  CM
r* cm H  H  H r- h O  CO 00 O 01 vo
in CM H CM CM H
H  CM H  O O 10 
IftM* H  
p»
00 CO 10
01 co in
CM CM
O M i n  10 O  H
in co co co cm oo
10 in rcsrt
10 10 O  
oi o  in 
Ol co
CM O  CO
o  r» co
O  10 H
oi io r* 
r- o  10
H  CM H
Mf 00 H  
10 CM O
CM 10 01
co 10 in 
CM CM in
oo co r»O  Ormrt
CM
h  in oi 00 P* oi 
CO CM 
CM
©A
©• P* ©  rH 00 IO
O  H  10 CM O  Ol
H  H  M* CO H  H
inp-o 
M H O O  
H  CO
H  O  CO
r* h  10
CM CO
M V 0 H  10 r* H
CO CM ©• m  CM
CO CO CM CO
vp
o
©
0
§
*0
1
►l
HJ3
p
I
©
CM
a
EH
8
CO
o
m  oi oi oi cm o
o  co o  m* 10 in
10 H  H  10 H
CO O  H  
o  cm r*
«
©P
«
a
©
Ol Ol H  
10 Ol H  
Ol CM
10 10 H
o  sr co
09 H  CO 
00
a
©
p
©
CM Ol 00
r* h  io 
H  CM H
a
©
p
©
00 oi co 
co h  r-
00 H  CM 
CM
r* oo oo
00 Ol Ol
a
©
p
©
so co 
in in
COrlM
CO M* Ol 
CM 10 M1
I A© ©• © ©H glH H r ,
ip u c 5 <u hfiqiHMfl 
0 © 0P 0 © O P 0 « 0 - ©4-H©©P-H©©^H H P  PHHPP-HHPP*Q O © Q Q 5 « G Q O '
W CO i
70
phytoplankton groups (diatoms, dinoflagellates, others) 
as one proceeds up-estuary. This phenomenon was most 
common among the dinoflagellates and diatoms (e.g. September 
3, December 8 , May 17,) which increased and decreased 
respectively, upriver. Other phytoplankters generally were 
more abundant at the lower stations but reversed this ten­
dency at certain times. Figures 8 and 9 show the average 
seasonal concentrations of the phytoplankton groups at 
each station. In the fall (Figure 8a) diatoms were fairly 
uniform over the entire transect showing only a slight 
decrease in abundance from station 1 to station 6 . Dino- 
flagellate concentrations were also fairly consistent over 
the first five stations but showed a decided increase 
at station 6 . Other groups showed higher cell densities over 
the upper half of the transect. During the winter months 
(Figure 8b) diatoms decreased gradually upriver, and 
dinoflagellates increased somewhat less gradually. Crypto- 
phytes and euglenoids exhibited lower concentrations upriver, 
particularly at station 6 , than over the lower transect. 
Diatoms and dinoflagellates maintained the spatial hetero­
geneity of the previous seasons during the spring samplings 
(Figure 9a). Other phytoplankters remained relatively 
stable over the transect showing just a slight increase in 
abundance at stations 5 and 6 . The summer months (Figure 
9b) indicated a gradual decrease in diatom abundance up- 
estuary. Dinoflagellate abundance fluctuated widely from 
station to station and averaged roughly the same cell
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densities at both the lower and upper transects. Other 
phytoplankters remained relatively uniform in concentration 
over the entire transect.
In summary, horizontal heterogeneity in abundance 
and composition was erratic. No strict adherence to any 
pattern of distribution was observed and even the gener­
alized trends outlined above were repeatedly violated.
This, however does not refute the slight evidence of spatial 
heterogeneity indicated in the preceding discussion, but 
only suggest that the transects sampled did not encompass 
enough of an environmental gradient or gradients to make 
horizontal changes in phytoplankton populations readily 
discernible.
Spatial heterogeneity, as expressed by vertical 
stratification at each station, was apparent with most 
samples throughout the 13-month survey period. Figure 10 
illustrates the distribution of diatoms in the upper 3.0 m 
of the water column at each cruise date. Vertical staging 
was most evident in the diatoms, particularly at station 1 
(Figure 10a). Surface concentrations were much higher than 
subsurface, 11 out of the 16 sample dates. On most of the 
dates that nonconform either concurrent weather conditions 
provided thorough mixing of the near-surface waters or slicks 
were present, which, as discussed earlier, tended to depress 
counts. Estimates of surface microlayer diatom populations 
were almost always higher than those at 1.5 m. In some 
instances, individual subsample counts extimated this
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difference in concentration to be on an order of 10 to 15 
fold, but most often the disparity averaged only 2 to 4 
fold. Cell densities at 3.0 m were normally higher than 
those at 1.5 m and at times approached or surpassed surface 
values. At station 6 (Figure 10b) vertical staging in 
diatom populations was somewhat less apparent but still 
quite discernible. The greater tendency for surface slick 
formation at the upriver stations and the aforementioned 
slight shifts in horizontal structure are probably most 
responsible for the lesser degree of vertical staging 
exhibited at station 6 .
Figure 11 presents dinoflagellate depth-abundance 
data. At both stations 1 (Figure 11a) and 6 (Figure lib) 
vertical stratification was evident although slightly less 
distinctly than observed with diatoms. Surface microlayer 
populations continued to dominate subsurface cell densities 
although 1.5 m samples were less depressed. The samples 
collected at 3.0 m were very erratic and exhibited values 
fluctuating between very low densities and extremely high 
densities. The norm, however was similar to diatom results 
in that they generally exhibited cell concentrations inter­
mediate of surface and 1.5 m values.
Other phytoplankters evinced support for a generalized 
pattern of vertical staging to a lesser extent then either 
the diatoms or dinoflagellates. There were usually wide 
fluctuations in the sample counts from each depth for each 
cruise (Figure 12). Surface concentrations were noticeably
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larger than those at subsurface only during periods of 
relatively high group densities. This was particularly 
evident at station 1 (12a). Higher cell densities in 
the surface microlayer were slightly more common at the 
upriver stations (12b) but still lacked the consistency of 
the diatoms and dinoflagellates.
In summary, spatial heterogeneity as expressed in 
vertical staging was evident in most samples at almost all 
times of the year. This stratification took the form of 
high cell densities in the surface microlayer, depressed 
concentrations at 1.5 m and intermediate densities at 3.0 m.
As a group the diatoms exhibited this tendency most con­
sistently with sharp differentiation of vertical populations 
at periods of generally high cell concentrations (e.g. March 
21, Figure 10). Dinoflagellates also displayed this bias but 
to a slightly less extent. Other phytoplankters only 
weakly supported this tendency, except during periods of high 
cell concentrations (e.g. May 17, Figure 12 a, b).
These results agree with the findings of Roy et al. 
(1970) and Gibson (pers. commun.). Stofan (1973) reports 
greater disparities, 6-10 times greater surface concentrations 
than subsurface, in vertical staging but this may be the 
result of his sampling only to 1.0 m in depth.
The phenomenon of reduced counts in the surface 
microlayer, and at times subsurface samples, in the presence 
of surface slicks, supports the findings of Roy et al. (1970). 
They consistently found fewer phytoplankters in the surface
79
(slick) microlayer in slick, non-slick comparisons. The 
number of samples included in their study was, however, 
very small and thus they hesitated to draw firm conclusions. 
The results of this study, although involving only a small 
number of the total samples, should add some documentation 
to their observations.
CLUSTER ANALYSES
In order not to exceed alloted matrix dimensions the 
number of species and N-groups (times-locations) had to 
be minimized. Reduction of species number was accomplished 
by deleting almost 50% of the recognized taxa from analysis. 
Species which occurred in only three samples or less were 
omitted as well as species which were ubiquitous but in 
very low concentrations or evenly distributed. Williams and 
Stevenson (in press) state that such rare or evenly dis­
tributed forms cannot appreciably contribute to the overall 
patterns and should be deleted if data reduction is necessary. 
N-groups were not reduced but were divided into surface, 1.5 
and 3.0 m categories. Data decks were assembled for each 
category and run as separate programs. The end product 
was cluster analyses performed for reduced taxa at three 
levels. The separation by depth seemed valid because of the 
obvious tendency for vertical staging evident in the phyto­
plankton data already discussed. Appendix A indicates those 
taxa which were excluded from one or more of the cluster 
analyses and lists the taxomonic code numbers assigned to each 
species.
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Hierarchical groupings by flexible sorting were 
variable. Results obtained from matrices constructed from 
coefficients of the Canberra "metric" were truly anomalous. 
Inspection of computer printouts revealed that fusion 
levels were computed on dissimilarity, and clusters were 
thus composed of individuals possessing the least number 
of common attributes. The results from the Canberra "metric" 
classification strategy were, therefore, regretably, deleted.
Normal classification by flexible sorting using the 
Sorensen similarity coefficient and optimized on a den­
drogram produced groupings that evinced temporal relation­
ships. These relationships were exhibited rather weakly, 
however, and only one example, 3.0 meter samples (Figure 13), 
is given. Samples were clustered, but not grossly, into 
seasonal blocks when the dendrogram is truncated at the 
nine-group level. Late summer and fall, 1971 are represented 
by groups A, C, and D, winter and spring by groups F, H and 
I and summer, 1972 by groups E and G (Table 21 gives the key 
to sample codes). Group B seems to be a more or less non­
conformist groups seems to be inherent in all space dilating 
strategies (Lance and Williams, 1967).
The most interpretive clustering was obtained by 
using the Czekanowski coefficient. Truncation of the surface 
samples dendrogram at the eight-group level produced strong 
seasonal clusters (Figure 14). September, October and 
November were clustered into a late summer - early fall 
group (A). A late spring and summer cluster, April, May,
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TABLE 21. Description of N-group codes used in the
dendrogramatic expressions of cluster analyses.
The first two digits of the code represent month 
notation, the third digit station notation and the fourth 
digit, depth.
MONTH NOTATION STATION NOTATION DEPTH
09-Sept. 03, 1971 1-Station one 0-Surface
10-Oct. 08 2-Station two 1-1.5m
11-Nov. 08 3-Station three 3-3.0m
12-Dec. 08 4-Station four
01-Jan. 20, 1972 5-Station five
02-Feb. 22 6-Station six
03-Mar. 21
40-Apr. 04
04-Apr. 19
05-May 17
60-June 02
06-June 16
70-July 12
07-July 17
08-Aug. 10
90-Sept. 19
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June, July and August samples was apparent in groups B,
C and D. Winter and early spring samples, January,
February and March, were clustered into groups F, G and 
H. Group E indicated similarities in May samples but at 
a fairly high fusion level and was otherwise nonconforming.
Figure 15 presents the dendrogram constructed from 
analyses of the 1.5 m samples. Seasonal groupings are 
evident when the figure is truncated at the eight-group 
level. Groups A, B, C and F are major clusters of 
September, October, November, December, January and 
February samples or fall-winter groups. March, April and 
May are grossly clustered into groups G and H and represent 
spring affinities. The summer flora, June, July, August 
and September, are clustered into groups D and E.
The 3.0 m samples exhibited the same seasonal 
grouping tendencies when the representative dendrogram 
(Figure 16) was truncated at the seven-group level. Fall 
samples clustered into groups D and E, winter samples into 
groups F and G, spring samples into groups A and C, and 
summer samples into group B.
Inverse analysis of the data did not appear to be 
productive. Two way coincidence tables constructed from 
both inverse and normal analysis did little to enhance the 
selection of species groups from a dendrogram (Figure 17). 
The principal problems which restrained the group selection 
process were; (1) many of the more numerically important
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species were ubiquitous and represented an almost con­
tinuous distribution and (2) several species occurred 
randomly without any apparent pattern and thus were un- 
classifiable. Lack of time and funds for additional 
computer operation left further manipulation of data for 
inverse analysis to a future date.
The success of the Czekanowski coefficient in the 
cluster analysis is most probably due to the fact that 
dominance bias is easily generated in this index. The 
reformed data (with the rarer taxa deleted) had several 
abundant taxa showing notable seasonality. These species 
presumably overwhelmed the index, resulting in cluster 
groups which reflect the seasonality of the major flora.
The Sorensen similarity coefficient, with complete reliance 
on qualitative information, was not overwhelmed by the 
abundance statistics but still reflected seasonality. This 
reflection was an expression of the seasonal ubiquity of 
the dominant flora rather than their abundance. The mis­
handling of the cluster analysis based on the Canberra 
"metric" was unfortunate. This index which includes both 
qualitative and quantitative aspects of the data could have 
produced results that evinced compromise interpretations 
which may have been more representative of real floral 
patterns.
In summary, cluster analysis indicated decided 
seasonality and little if any spatiil (horizontal) 
heterogeneity in diatom populations of the lower York River.
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Temporal groupings were evident at all three depths and 
uniformly displayed into late summer-fall, fall-winter, 
winter, spring, spring-summer and summer groups. The most 
intense clustering was exhibited by the surface samples 
which displayed three seasonal groupings (late summer-fall, 
winter and early spring, and spring-summer) for York River 
diatoms.
SPECIES DIVERSITY
Comparisons of the diatom communities at each of the 
3 depths sampled, in terms of informational diversity 
(H1), evenness (J') and areal richness (S) are given in the 
following figures. Diversity values for station 1 (Figure 
18) showed lower species diversity at the surface microlayer 
than at either subsurface depth. The nonconformist values 
of mid-June and early July are probably the result of the 
abrupt decrease in diatoms experienced at this time. Peaks 
in diversity were in evidence at approximately four times 
during the survey. The first occurred as a fall pulse in 
November, the second as a winter pulse in February, the third 
as a late spring peak in early June and the fourth as a 
summer pulse in mid-July. Evenness resembles the diversity 
curve to a great extent, showing the more uniform distri­
butions of individuals among species at periods of low 
abundance and high diversity. Richness values are lowest 
during periods of abundance with the exception of the 
November values which express the paucity of species that
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Figure 18. Measures of diversity, evenness and richness.
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coincided with the extremely low concentrations of those 
samples. Both evenness and richness tended to increase 
with depth.
Diversity values from the second (Figure 19) and 
third (Figure 20) stations of the lower transect corresponded 
well with the first station. The same tone of increasing 
diversity with depth and essentially the same seasonality 
of pulses or peaks were apparent. Evenness and richness 
were slightly more uniform than station 1 but still indi­
cated increasing values with depth.
The upper transect was characterized by slight shifts 
in diversity peaks but otherwise resembled the lower transect. 
At station 4 (Figure 21) the fall and spring peaks widened 
and the low diversities exhibited by the lower transect 
in early spring were no longer apparent. Station 5 (figure 
22) exhibited the same extension of peak diversity in the 
fall and particularly in the spring. Diversity peaks at 
station 6 (Figure 23) exemplified the trends of the other 
two transect stations. The fall peak, particularly the 
subsurface values, extended over the late summer and early 
fall of 1971. The spring peak actually showed two pulses, 
a period of high diversity in May and slightly lower peak 
diversity in mid-June. All three stations of the upper 
transect affirmed the trends of increasing diversity, evenness 
and richness with depth which were prevalent in the lower 
transect.
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Figure 19. Measures of diversity, evenness and richness
at the surface microlayer, 1.5 m and 3.0 m.
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Figure 21. Measures of diversity, evenness and richness
at the surface microlayer, 1.5 m and 3.0 m.
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Figure 22. Measures of diversity, evenness and richness
at the surface microlayer, 1.5 m and 3.0 m.
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Figure 23. Measures of diversity, evenness and richness
at the surface microlayer, 1.5 m and 3.0 m.
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Patten et al. (1963) and Mackiernan (1968) reported 
that seasonality, as reflected by diversity, was characterized 
by six peaks. This was not supported in the present study. 
Only four and in the case of station 6 , five true pulses 
of diversity were evident. This agrees with the findings 
of Gibson (1971) who also reports only four periods of high 
diversity. The stations of the lower transect temporally 
retained peak position except during the spring when the 
pulse shifted from early June (station 1) to mid-June 
(station 2 and 3). Temporal shifts in peak diversity at 
the upper transect were more noticable. The fall pulse 
shifted gradually from November (stations 4 and 5) to 
December (station 6), the winter pulse from February 
(station 4) to February - March (stations 5 and 6), the 
spring peak from April - May (stations 4 and 5) to May- 
June (station 6) and the summer pulse from July at the 
lower transect to September at all three stations of the 
upper transect.
Diversity peaks were expressed maximally during the 
fall at stations 1 and 3, the winter at stations 1 and 4 and 
the spring and summer at station 6 . This is similar to the 
pattern reported by Patten et al. (1963) and is suggestive 
of his conclusion that maximum diversity is expressed in 
Chesapeake Bay in the cooler months and upriver in the warmer 
months. Thus diversity proliferates up-estuary in the fall 
and winter and down-estuary in the spring and summer. Trends
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in richness and evenness were difficult to analyze. There 
seemed however to be a slight diminution in the number of 
species as one proceeds up-estuary. Since there was only a 
slight decrease in abundance up-estuary, a diminution of 
richness should be reflected by some change in evenness.
The change noted was one of increasing evenness in the 
upriver stations. This increase was manifested principally 
by a decrease in the number of rarer species (richness) and 
a decrease in the number of individuals in the more dominant 
species.
PRODUCTIVITY AND CHLOROPHYLL ANALYSES
Primary productivity (potential) measured by carbon 
uptake gave results that were considered anomalous for the 
surface microlayer. Estimates of biomass (chlorophyll and 
direct sample enumeration) showed relatively high surface 
values while productivity estimates were generally very low. 
The apparent cause for this discrepancy was uncovered in 
a series of experiments designed to test the toxicity of 
the screen sampler. Initial tests of sampler toxicity were 
performed before the survey was undertaken and results showed 
that as long as the sampler was washed thoroughly before each 
use, little if any inhibition of productivity was noted. A 
more intense analysis of the ability of the screen sampler 
to inhibit productivity was performed at the end of the 
survey. Several different types of screen material (nylon,
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polyethylene and both new and used monel) were used to 
collect surface waters which were then filtered (0.45 u, 
millipore), separated into replicate aliquots, inoculated 
with known concentrations of unialgal cultures (Skeletonema 
costatum, Prorocentrum micans) and run through standard 
methods of productivity measurements. To eliminate the 
possibility that the screens selected for inhibiting agents 
that occurred naturally in the surface microlayer, a second 
experiment was run on water pumped from the subsurface 
(3.0 m ) , collected in a 500 liter tank and then screen 
sampled. The results of these two efforts strongly 
indicated that the monel screens inhibited productivity.
This was particularly visible with the used screen.
The disparity between these experiments and the 
initial one seemed to stem from the fact that the gel-coat 
(fiberglass) on the screen frame which was intact at the 
beginning of the survey became scratched, chipped and worn 
during the project and was less effective in separating 
the frame surface from the water sample. This conjecture 
is supported by the data which showed a relatively good 
correlation between surface biomass and productivity for 
the first few months of the survey when the gel-coat was 
presumably intact. This correlation rapidly diminished in 
the later survey samples when apparently the frame became 
well worn. The surface productivity values of the last 
nine sample months are thus artifically depressed and should
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actually show values 4 to 16 times higher then they do (if 
the results of the screen toxicity test are truly indicative 
of the degree of productivity inhibition caused by the 
screen sampler).
Pigment analysis was fruitful only in respect to 
extimates of chlorophyll a. Values for both chlorophyll b 
and c were highly erratic with little precision between 
replicates and presumably little accuracy. In part the 
trichromatic methods, with their innate bias were to blame 
but most of error was probably due to the very dilute 
samples that were analyzed spectrophotometrically. At 
low concentrations, analyses of chlorophyll b and particular­
ly chlorophyll c by extinction, tend to be very erroneous.
As a result only cholorphyll a was used as a biomass estimate.
Estimates of potential primary productivity and 
cholorphyll a - biomass at station 1 are represented in 
Figure 24. In deference to the above discussion, surface 
productivity values, except possibly for the first four 
months of the study, should be ignored. Productivity was 
normally highest at 3.0 meters and peaks of production 
occurred in March, May, June, July, and August. Chlorophyll 
a values were normally highest at the surface and 3.0 
meters and peaks occurred during February, March, May and 
July. The other two stations of the lower transect, station 
2 (Figure 25) and station 3 (Figure 26), showed normally 
higher productivity at 1.5 m especially during peaks of
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production (March and July). Estimates of chlorophyll a 
were principally higher at the surface and 3.0 m and peaks 
of chlorophyll a concentration were evident in March,
July and August.
The stations of the upper transect were relatively 
uniform. All stations, 4 (Figure 27), 5 (Figure 28) and 
6 (Figure 29), generally showed highest estimates of 
primary productivity at 1.5 meters and temporal production 
peaks in March, April, July and September. Chlorophyll a 
values fluctuated greatly at each depth, with no one depth 
showing trends of highest values. Maximum chlorophyll a 
estimates occurred in January, February, March, July, and 
August.
General trends in either estimates of primary 
productivity or chlorophyll a were not very evident. Stations 
of the lower transect tended to have higher peaks of both 
estimates and more pronounced monthly fluctuations. All 
stations showed essentially the same periodicity of primary 
productivity and chlorophyll a - biomass values, however, 
peak intensity normally decreased going up-estuary.
Correlations (Pearson product-moment) were calculated 
for randomly selected productivity and chlorophyll a data 
pairs (Figure 30). Calculations from all such pairs yielded 
a correlation coefficient lf"o,l,3^ 0*46. When surface
sample pairs were deleted from the calculation a correlation 
coefficient (*“1,3) of 0.77 was obtained. This compares 
favprably with the results obtained by Warinner (pers. commun.)
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Figure 27. Estimates of primary productivity and
chlorophyll a at three depths.
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Warinner and Zubkoff C1972) and Zubkoff (1972) in studies 
of primary productivity in the lower York River and adjacent 
Mobjack Bay. A good correlation between productivity and 
chlorophyll estimates is not surprising. Gillbricht (1952) 
estimated that there was about as much chlorophyll associated 
with detritus as there was in living plants. This result, 
however, has been greatly criticized (Riley, 1959; Harris 
and Riley, 1956) and the more accepted impression is that 
of Steel and Baird (1961, 1962), which suggests that 
effectively all the chlorophyll is contained in living plant 
cells. A strong correlation between productivity and chloro­
phyll is therefore expected.
NUTRIENT ANALYSES
Results of nutrient analyses by Auto-Analyzer^ were 
highly suspect, especially for the first few months of the 
survey. Precision was not high among replicates at the 
survey's onset but became uniform as the study progressed. 
Inclusion of the nutrient data for the first six months of 
survey in the following figures is for the reader's edifica­
tion and will be ignored in the following discussion.
Values of orthophosphate, nitrate and nitrite nitrogen 
showed a slight tendency to be higher in the surface micro­
layer than in the subsurface samples (e.g. Figure 31).
Duce (1972) noted similar staging for heavy metals, fatty 
acids and chlorinated hydrocarbons in a study of the surface
in
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microlayer in Narragansett Bay, Rhode Island, There was 
a slight tendency for the major nutrients to be in higher 
concentrations at the upriver stations but this tendency was 
not universal and nutrient concentrations were often 
relatively uniform over the entire transect. Newcombe et 
al. (1939) and Patten et al. (1963) suggested the same 
tendency for higher nutrient concentrations up-estuary but 
their results were more substantive.
Seasonal distribution of the major nutrients is 
shown in Figure 32. Values are averages over the entire 
transect and thus the concentrations exhibited over the 
first few months of the survey are probably less erroneous 
but should still be regarded as only rough indications of 
relative concentrations. Orthophosphate and nitrite 
nitrogen maxima for the survey occurred in October - 
November. Concentrations then declined through most of the 
winter and reach low levels in early spring. Low concen­
trations prevailed throughout the spring and early summer 
showing occasional pulses, and a general increase occurred 
in August - September. Nitrate nitrogen concentrations were 
much more erratic, exhibiting peaks in early April, June, 
July and August.
In general, this data (particularly orthophosphate) 
compares well with that of Newcombe and Lang (1939) Patten 
et al. (1963) Patten (1966) and Thayer (1971). They showed 
similar seasonal distribution of nutrients (except NOj) and
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similar times of concentration maxima. The anomalous peak 
of nitrate nitrogen in early July and the concurrent lesser 
peaks of both orthophosphate and nitrite nitrogen may be 
evidence of additions to the York River resulting from 
Hurricane Agnes. Maximum freshwater flow resulting from 
the storm was not realized in the York River until late 
June and July (Figure 5), thus rationalizing the increased 
nutrient concentrations.
DISCUSSION
PATTERNS OF FLORAL DISTRIBUTION
Techniques for sampling the surface microlayer have 
been known for sometime (Garrett, 1965; Harvey, 1966;
Jarvis et al., 1967) but it has been only recently that 
its distinct chemical and biological qualities have been 
suggested (Roy et al., 1970; Gibson, 1971; Duce et al.,
1973; Gallagher, 1973; Stofan, 1973). Results from this 
study confirm the existence of a surface microlayer bio­
logically distinct from the underlying water column. If 
abundance is considered as an index of heterogeneity, then 
vertical stratification was evident at all stations through 
most of the survey. Diatoms particularly exhibited ten­
dencies for vertical staging although stratification of 
flagellate populations was not uncommon and often prominent.
This data compares favorably with recent studies by 
Roy et al. (1970), Gibson (1971) and Stofan (1973), although 
the latter suggested larger disparities between concentrations 
of surface and subsurface populations. Stofan (1973) re­
ported very little difference in degree of vertical staging 
in two relatively dissimilar areas; Mobjack Bay which is a 
shallow protected area characterized by usually calm, non- 
turbulent surface waters, and the mouth of the York River
114
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which is deep, relatively unprotected and characterized by 
more turbulent surface water conditions. These results 
contradict the present survey which indicate generally 
greater vertical heterogeneity at stations (2, 3, and 4), 
which are characterized by more calm surface waters. This 
result seems more intuitive and agrees with the conjecture 
(Margalef, 1958) that greater heterogeneity in surface 
water is more common in areas where the water is still, in 
areas where turbulence is less important, and in relative 
shallow areas. In other areas the data of both studies are 
in better agreement. Both surveys showed greater vertical 
stratification at times of very high cell concentrations and 
both showed tendencies for higher values of informational 
species diversity and richness at depth than at the surface 
microlayer.
The mechanisms which structure and maintain vertical 
heterogeneity might possibly be different or operate to 
different degrees in diatom and flagellate populations. 
Analysis of vertical heterogeneity at the relatively small- 
scale (3.0 m) encompassed by this study indicate that 
segregation of populations within local structures may be 
dependent on several heterogeneity patterns. Margalef (1958) 
states that all of the proposed heterogeneity patterns 
(Hutchinson, 1953), except social, are operative in phyto­
plankton populations. Vertical staging of diatom populations 
appears more dependent on biotic factors (reproductive and
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coactive patterns), less dependent on vectorial patterns 
and probably even less dependent on the stochastic element 
of heterogeneity. The flagellates, because of their free- 
swimming ability, probably depend more on active dispersal 
and aggregation to maintain small-scale vertical heterogeneity.
Diffusion, in the sense of individuals either passive­
ly or actively moving from areas of high concentration to 
areas of low concentration, should work against hetero­
geneity (Margalef, 1958). If, however, vertical staging is 
persistent, then a relationship between recruitment and 
diffusion is defined. Among flagellates which may actively 
resolve vertical components, this relationship is probably 
vectorial pattern dependent, thus relying on environmental 
gradients to produce heterogeneity. The diatoms, on the 
other hand, may express this relationship biotically, relying 
on coactive and reproductive patterns to produce vertical 
staging. The role of the stochastic influence in vertical 
heterogeneity is difficult to determine but must be 
appreciated particularly in small-scale distribution patterns.
Regardless of the mechanisms involved in structuring 
and maintaining vertical heterogeneity, the existence of a 
uniquely defined surface microlayer must now be seriously 
considered. Documentation of its existance has already been 
grossly cited, and the results of this and other recent 
studies (Roy et al., 1970; Gibson, 1971; Stofan, 1973) using 
similar methodology have certainly elucidated its distinct 
character. Other investigators using different methods of
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sampling the surface microlayer have arrived at similar 
conclusions. Gallagher (1973), using glass plate samplers, 
and Harvey (1966), the revolving drum sampler, both found 
greater concentrations of organisms at the surface micro­
layer, and in the case of the former this difference was 
"at least several orders of magnitude". In view of this 
evidence the surface microlayer must be considered an 
important and still relatively unexplored component of 
aquatic ecosystems.
The degree of horizontal heterogeneity exposed by 
this survey was slight and may in fact be linked to temporal 
heterogeneity or succession. Margalef (1958) stated that 
serai stages are often the basis of patterns of spatial 
heterogeneity. In general the intervals between samplings 
were too long to accurately follow successional changes but 
gross cyclic phenomena were apparent. Although temporal 
heterogeneity was discussed at length in previous sections, 
certain points need reiteration and further analyses.
Changes in the local structure of plankton populations 
result from primarily two interactive factors; (1) com­
binations of differential reproduction and selective elimina­
tion of species, and (2) organismic translocation occurring 
independently or associated with water mass movements (Gran 
and Braarud, 1935; Margalef, 1967). In estuaries quasi- 
catastrophic events (high winds, large freshwater inflows, 
extreme tidal fluctuations, etc.) tend to break the continuum
118
of structural changes into segments. It is these segments 
which, when perceptible in analysis of temporal changes in 
phytoplankton populations, make interpretation of successional 
cycles difficult. A case in point from this study would 
be the sudden increase in total phytoplankton, particularly 
the flagellate components, during early summer. Although 
this increase in flagellates follows the previous results 
obtained for the York River (Fournier, 1966; Mackiernan,
1968), there was no adherence to reported concurrent severe 
decreases in diatom populations. Instead, diatoms decreased 
only slightly at summer's onset and rapidly increased 
throughout the season before again slightly decreasing in 
late summeT. This anomaly may have been the result of the 
slightly cooler water temperatures prevalent in the summer 
(1972) but may just as easily have been the result of 
Hurricane Agnes. This storm's resultant increase of fresh­
water into the York River system was responsible for at least 
decreased salinities and abrupt nutrient loading, and thus 
must be recognized as a possible causation of successional 
disruption.
Seasonality interpreted by total phytoplankton 
population maxima was characterized by five pulses; late 
summer, early winter, early spring, mid-spring, and mid­
summer. Do these peaks, however, actually indicate seasonal 
trends, or do samples taken at monthly or biweekly intervals 
show only gross segmentation of seasonal continua? In this
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case many previous studies in the York River provided 
enough comparative data to lend credence to the seasonality 
defined by population maxima.
Cluster analyses by flexible strategy indicated a 
slightly different and probably more accurate interpretation 
of seasonality. Attempts to integrate results for indi­
vidual taxa in community structure determinations of temporal 
and spatial patterns are legion. In plankton work, however, 
such attempts have been few and restricted to relatively 
stable environments (Fager, 1957; Fager and McGowan, 1963; 
Colebrook, 1969; Thorrington-Smith, 1971; Reyssac and Roux, 
1972; Angel and Fasham, 1973). Results of these studies, 
which employed several different methodologies (factor 
analyses, recurrent group analyses and cluster analyses), 
were in broad agreement in the value of using numerical 
techniques to analyze heterogeneity. These studies concen­
trated principally on spatial heterogeneity, particularly, 
the definition of phytosociological associations and phyto­
hydrographic regions. In the present study spatial (hori­
zontal) heterogeneity was not very evident and clusters 
tended to be grouped temporally. Another difference between 
this and other recent studies was the area under consideration. 
As stated previously, most other studies were performed in 
relatively stable (oceanic) systems while this study was 
undertaken in an unstable neritic environment.
1 2 0
The seasonality or succession occurring in the lower 
York River during this survey was depicted, by cluster 
analyses, to be trimodal or consisting of three cycles; late 
summer-fall, winter-early spring and spring-summer. This 
analysis was, however, taxocoenotically limited and inter­
preted succession only on the basis of diatom populations. 
Unfortunately, little can be said about the application of 
this cluster analysis to the seasonality of the total phyto­
plankton. If one can presume that periods of peak flagellate 
occurrence would cluster into definite groups, then the 
total phytoplankton seasonality would still be relatively 
trimodal or, at most, composed of four cycles (late spring- 
summer group could relocate into two groups; spring and 
summer). In any event it would be unlikely that the five 
pulses of seasonality based on population maxima would be 
supported by cluster analysis.
A third way of interpreting successional cycles is 
with diversity indices. Margalef (1958) stated that 
successional changes tend to modify diversity indices. 
Diversity tends to increase as succession advances thus 
corresponding to increasing number of niches and increasing 
stability (MacArthur, 1955). Competition normally decreases 
diversity and thus the latter stages of succession tend to 
exhibit decreasing values. Peaks of diversity should there­
fore be indicative of successional evolution. Unfortunately, 
diversity indices have little meaning in terms of real changes 
in community composition (Margalef, 1958) and major changes
1 2 1
in species groups can occur without strongly modifying 
diversity values. In the York River, Patten et al. (1963) 
and Mackiernan (1968) reported that seasonality was charac­
terized by six diversity peaks and Gibson (1971) reported 
four. As previously discussed, my data better agTee with 
Gibson (1971), showing only four pulses of diversity.
In summary, cluster techniques based on quantitative, 
or combinations of quantitative-qualitative, classification 
strategies should give the more accurate interpretation of 
seasonality. Since sorting is carried out on individuals 
(stations and/or times) which are compared on the basis of 
common attributes (species), group clusters show real 
changes in populations. It therefore seems reasonable to 
conclude that successional trends, which are actually 
trends reflecting changes in the components of communities, 
can best be described by methods which interpret these 
changes directly.
DYNAMICS OF PHYTOPLANKTON POPULATIONS
The study of changes in plankton populations has 
progressed by two alternative methodologies; the more tradi­
tional approach of population dynamics or, more correctly, 
population kinematics and the newer methods of true dynamics 
(Margalef, 1961). The first method considers the ecological 
requirements of individuals and species, the second method 
considers the forces initiating change in biomass (matter) 
and productivity (energy flow). Thus, an understanding of
1 2 2
plankton population dynamics has been hindered by a lack 
of coordination between two complimentary aspects, one 
concerned with structure, the other with matter and energy 
(Margalef, 1961). Patten (1966) termed the merging of these 
two aspects biocoenetics, or the study of adaptation in 
natural communities. The present study while falling far 
short of defining all parameters of the estuarine holo- 
coenetic environment, does try to relate changes in phyto­
plankton populations biocoenetically.
Margalef (1958, 1967) outlined a general pattern of 
succession which contained three stages; (1) rapidly pro­
liferating small-celled organisms, (2) medium sized diatoms 
and (3) increasing numbers of free swimming cells, with 
lower potential increase. In general, succession was 
limited to the first two stages during this survey.
Apparently unstable neritic waters are usually inhabited 
by initial stages of succession and only occasionally ad­
vance to latter stages. Several studies have showed however, 
that succession can advance very rapidly in estuaries and 
small bays (Hulburt, 1956; Ryther et al., 1958) particularly 
in times of extended hydrographic stability.
Diversity, as a measure of succession, has already 
been discussed but its application in this study has not 
throughly analyzed. When informational diversity values and 
values of numerical richness were plotted against total 
phytoplankton abundance, little information was gained
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(Figure 33). Good correlations between richness and diversity 
were illustrated but little affiliation of either of these 
values with total phytoplankton was evident. This is most 
probably the result of limiting the computation of diversity 
to diatoms. It seemed reasonable to assume that, since 
diatoms were generally the major plankton component, 
diversity estimates based exclusively on diatom populations 
would reflect total phytoplankton diversity. It appears, 
however, that this correspondence was limited and that 
communities which contain ecologically divergent groups 
cannot be assigned diversity values obtained exclusively from 
one group. When total phytoplankton was separated into 
its major components and again compared with diversity and 
richness (Figure 34), better relationships developed. Low 
estimates of diatom abundance corresponded with high diversity 
and richness values. Peaks of abundance were represented by 
low diversity and richness thus coming close to charac­
terizing "monotone" plankton conditions of bloom situations 
(Margalef, 1967). Diversity and richness both peaked in May, 
a time of rapid transition in the major components of phyto­
plankton, and may have reflected the advanced successional 
character indicated by component abundance.
Productivity and biomass are indicators of true 
phytoplankton dynamics. Productivity is the function of the 
system in which biomass is a principal factor (Margalef, 1967). 
In this survey the correlation between these two estimates
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as previously discussed was good, and is supported when 
compared to enumeration estimates 6f biomass (Figure 35).
The relationship between productivity, biomass and succession 
is apparently reflected in the process of self-organization. 
Productivity and chlorophyll a were highest in bloom 
conditions (Figures 35 and 36). Under these conditions 
cells are generally smaller and the increased surface/volume 
ratio may be linked to productivity (Smayda, 1965; Williams, 
1964). The higher relative pigment content of smaller 
cells accounts for increased chlorophyll a. Thus, it is 
not just increased abundance during blooms which accounts 
for increased production and pigment concentration but also 
the normal reduction in cell size. Figure 36 indicates to 
some extent adherence to the theory of decreasing productivity 
with proceeding succession. Maximum productivity occurs with 
limited niche occupancy and decreases as the community loads. 
Peak productivity occurred at quasi-monotone periods; diatom 
blooms in early spring and flagellate blooms in mid-summer.
In periods of greater diversity and richness productivity 
decreased. In other words there was a fairly good negative 
correlation between species diversity and productivity. This 
agrees with the results obtained by Margalef (.1965) in 
freshwater environments.
The application of Liebig's Law of the Minimum to 
nutrient requirements of marine phytoplankton has been 
frequently maintained (Harvey, 1955; Fournier, 1966;
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Thayer, 1971; Ryther and Dunstan, 1971; etc.)* While such 
specific environmental regulation may determine rates of 
productivity, little can be inferred concerning successional 
changes. The same is true about other environmental 
limiting factor hypotheses (light, temperature, salinity, 
water mass stability). Thus factors which regulate pro­
duction do not necessarily regulate succession (Smayda,
1963).
Figure 37 presents nutrient data compared to the 
abundance of the major components of the phytoplankton. In 
short, little useful correlation was found between nutrient 
concentrations and changes in phytoplankton composition.
While the general consistency of nutrient-total phytoplankton 
interactions were maintained (Figure 32) no interpretation 
of nutrient-phytoplankton development could be made. Figure 
37 does, however, indicate the effects of Hurricane Agnes 
on nutrient concentrations. This abnormal nutrient loading 
was probably responsible for the general tendency of the 
late summer samples to be relatively anomalous.
In summary, phytoplankton dynamics, expressed in 
terms of matter, energy and population kinematics, are 
discernable only through determinations of major interacting 
factors in a holocoenotic environment. Correlations of 
successional stages with only one or two parameters are 
extremely tenuous and can lead to faulty conclusions. Many 
factors are simultaneously operative in the organization
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of plankton and only through analyses of these factors 
collectively can the recurrent succession and cyclic 
abundance of phytoplankton be understood.
APPENDIX A 
PHYTOPLANKTON CHECKLIST
DIATOMS (Bacillariophyceae)
CODE SPECIES
0601 Achnanthes sp. I
0603 Achnanthes sp. II
0606 A. brevipes, Agardh
* 0608 A. clevei, Grunow
* 0602 A. fimbriata, (Grunow) Ross 
0605 A. longipes, Agardh
* 5101 Actinocyclus ehrenbergii, Ralfs
* 5103 A. ehrenbergii var. crassa, (Wm. Smith) Hustedt
* 8101 Actinoptychus sp. I (undulata), Ralfs
* 0201 Amphiprora sp. I (gigantea var. decussata ?) Grunow
0202 A. alata, Kutzing
* 0203 A. paladosa, Wm. Smith 
0309 Amphora sp. I
* 0302 Amphora sp. IV
* 0303 A. acuta, Gregory
* 0314 A. angusta, Gregory
* 0316 A. angusta var. ventricosa, (Gregory) Cleve
* 0305 A. clevei, Grunow
0308 A. coffeaeformis, (Agardh) Kutzing
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CODE SPECIES
0311 A. decussata, Grunow
* 0312 A. graeffii, (Grunow) Cleve
* 0306 A. lineolata, Ehrenberg 
0304 Amphora longa, Hustedt
* 0313 A. ostrearia, Brebisson
0307 A. ovalis, Kutzing
0310 A. robusta, Gregory
0401 Asterionella japonica, Cleve
* 5501 Attheva decora, West
* 8501 Bacteriastrum sp. I
* 0701 Biddulphia aurita, (Lyngbye) Brebisson et Godey
* 0702 B. mobiliensis, Grunow
* 7501 Caloneis sp. I (westii?)
* 7502 C. brevis, (Gregory) Cleve
0801 Cerataulina pelagica, (Cleve) Hendey
* 0917 Chaetoceros sp. I
* 0901 C. affinis (affine), Lauder
* 0918 C. atlanticus, Cleve
* 0921 C. brevis, Schutt
0902 C. compressus, Lauder
* 0923 C. concavicornis (concavicorne), Mangin
0903 C. convolutus (convolutum), Castracane
* 0904 C. crinitus, Schutt
* 0906 C. curvisetus (curvisetum), Cleve
0915 C. danicus, Cleve (C. densus?)
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CODE SPECIES
0914 C. decipiens, Cleve
0907 C. didymus (didymum) Ehrenberg
* 0924 C. eibenii, Grunow
* 0922 C. laciniosus, Schutt
0905 Chaetoceros lorenzianus, Grunow
0908 C. neogracile (gracilis), Van Landingham nom. nov.
0916 C. peruvianus, Brightwell
0909 C. similis, Cleve
0911 C. subtilis, Cleve (+ var. abnormis)
1002 Cocconeis sp. I (costata?)
1001 C. scute Hum, Ehrenberg
1101 Corethron hystrix, Hensen
1207 Cosinodiscus sp. I
* 1210 Cosinodiscus sp. II
1211 C. asteromphalus, Ehrenberg
1202 C. excentricus, Ehrenberg
1201 C. granii, Gough
1203 C. lineatus, Ehrenberg
1204 C. marginatus, Ehrenberg
1205 C. radiatus, Ehrenberg
1206 C. subbulliens, Jorgensen
1301 Coscinosira polychorda, Gran (+ C. oestrupii)
1402 Cyclotella sp. I
1401 C. striata, Grunow
* 8905 Cylindrotheca gracillis, (Brebisson) Grunow
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CODE SPECIES
* 7601 Diatoma sp. I
1806 Diploneis sp. II
1802 D. bombus, Ehrenberg
* 1804 D. crabo, (Ehrenberg) Ehrenberg
1803 Diploneis elliptica, (Kutzing) Cleve
* 1805 D. lineata, (Donkin) Cleve
1801 D. ovalis, (Hilse) Cleve
* 1807 D. puella, (Schumann) Cleve
1601 Ditylum brightwelli, (West) Grunow
* 8601 Eunotia sp. I
* 5901 Eunotogramma laevis, Grunow
* 7001 Fragilaria sp. I (pinnata?)
* 7002 F. construens, (Ehrenberg) Grunow
2201 Grammatophora marina, (Lyngbye) Kutzing
2202 G. oceanica var. macilenta, Grunow
2301 Guinardia flaccida, (Castracane) H. Pergalle
2401 Gyrosigma balticum (simile) var. similis, (Grunow) Cleve
* 2407 G. distortum (parkerii) var. parkeri, (Harrison) Cleve
2402 G. fasciola, (Ehrenberg) Griffith et Henfrey
* 2406 G. spencerii, (Wm. Smith) Griffith et Henfrey
* 2404 G. tenuissimum, (Wm. Smith) Griffith et Henfrey
* 2403 G. wansbeckii, (Donkin) Cleve
* 1502 Hyalodiscus sp. I (Podosira stelliger?)
1501 H. scoticus, (Kutzing) Grunow
* 5201 Lauderia sp. I (borealis?)
2701 Leptocylindrus danicus, Cleve
135
CODE SPECIES
2702 L. minimus, Gran
* 2803 Licmophora sp. I (flabellata?)
2802 L. abbreviata (lyngbyei), Agardh
* 2901 Lithodesmium undulatum, Ehrenberg
* 5601 Mastogloia, sp. I
* 3007 Melosira sp. I
3004 M. juergensii, Agardh
* 3001 M. moniliformis var berreri?, (Muller) Agardh
* 3003 M. moniliformis (var. moniliformis?), (Muller) Agardh
* 3005 M. nummuloides, (Dillwyn) Agardh
3002 M. sulcata, (Ehrenberg) Kutzing
3114 Navicula sp. I
* 3105 Navicula sp. II (delawarensis?)
* 3108 Navicula sp. Ill (yarrensis?)
3107 Navicula sp. IV
* 3109 Navicula sp. V
* 3110 Navicula sp. VI (radiosa?)
3118 Navicula sp. VII
* 3106 Navicula sp. VIII (humerosa?)
* 3115 N. anglica, Ralfs
3116 N. cancellata, Donkin
3104 N. capitata var. luneburgensis
* 3112 N. granulata, Bailey
* 3111 N. Hyalina, Donkin
* 3123 N. lattissima?, Gregory
3103 N. lyra, Ehrenberg
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CODE SPECIES
* 3119 N. maculata, Cleve
* 3124 N. monilifera?, Cleve
3101 Navicula mutica, Kutzing
* 3122 N. pennata, A. Schmidt
* 3113 N. peregrina, (Ehrenberg) Kutzing
* 3125 N. placenta, Ehrenberg
3117 N. salinarum, Grunow
* 3120 N. spicula?, (Hicks) Cleve
* 3102 N. tuscula, (Ehrenberg) Van Heurck
* 3121 N. tuscula (var. punctata?), Van Heurck
* 3216 Nitzschia sp. I
3215 N. acuminata, (Wm. Smith) Grunow
3211 N. angularis, Wm. Smith
3209 N. apiculata, Grunow
3201 N. closterium, Wm. Smith
* 3207 N. hybridaeformis, Hustedt
3202 N. longissima, Ralfs
3213 N. panduriformis, Gregory
* 3205 N. paradoxa, Grunow
* 3210 N. plana, Wm. Smith
3203 N. pungens var. atlantica, Cleve
3208 N. reversa, Wm. Smith
3214 N. seriata, Cleve
3204 N. sigma, (Kutzing) Wm. Smith
3206 N. spatnulata, Brebisson
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CODE SPECIES
* 3219 N. vermicularis?
* 8401 Pinnularia sp. I
* 6401 Plagiogramma vanheurcki, Grunow
3301 Pleurosigma sp. I (affine?)
* 3304 P. distortum, Wm. Smith
* 3305 P. formosum, Wm. Smith
3303 P. rostratum, Hustedt
3006 Podosira glacilis (Melosira glacilis), (Grunow) Cleve
* 3502 Rhaphoneis sp. I
3501 R. amphicerus, Ehrenberg
* 3411 Rhizosolenia sp. I
* 3407 R. alata, Brightwell
3401 R. calcer-avis
3404 R. fragilissima
3410 R. hebata, Bailey
3405 R. setigera, Brightwell
* 3408 R. stolterfothii, Peragallo
* 6301 Rhopalodia sp. I (gibberula?)
3601 Skeletonema costatum, Cleve
* 6401 Stauroneis sp. I
* 7101 Stephanodiscus astraea, (Ehrenberg) Grunow
* 8301 Streptotheca sp. I
* 3801 Suriella sp. I
* 3802 S. ovalis, Brebisson
3901 Synedra affinis? (sp. I)
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CODE SPECIES
3902 Synedra sp. II?
3903 Synedra sp. III?
* 3904 Synedra sp. IV?
* 3905 S. undulata, Bailey
4101 Thalassionema nitzschoides, Grunow
4207 Thalassiosira sp. I
%
4208 T. baltica, Grunow
4205 T. decipiens, (Grunow) Jorgenson
* 4202 T. gravida, Cleve
4204 T. nana, Lehman
* 4203 T. nordenskioldii, Cleve
4206 T. rotula, Meunier
* 4703 Thalassiothrix delicutula, Cupp
* 4702 T. frauenfeldii, (Grunow) Castracane
* 8201 Tropodoneis sp. I
* 8202 T. lepidoptera, (Gregory) Cleve
4301 Unidentified Pennate sp. I
4302 Unidentified Pennate sp. II
4303 Unidentified Pennate sp. Ill
* 4304 Unidentified Pennate sp. IV
* 4305 Unidentified Pennate sp. V
4306 Unidentified Pennate sp. VI
* 4307 Unidentified Pennate sp. VII
4308 Unidentified Pennate sp. VIII
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CODE SPECIES
* 8001 Unidentified Centric sp. I
* 8002 Unidentified Centric sp. II
* 8003 Unidentified Centric sp. Ill
DINOFLAGELLATES (PYROPHYTA)
Ceratium furca, (Ehrenberg) Claparede and Lachmann
Dinophysis acuminata, Claparede and Lachmann
Dinophysis lenticula, Pavillard
Diplopsalis obicularis, Paulsen
Diplopsalis rotundata, Lebour
Gonyaulax diacantha, Meunier
Peridinium achromaticum, Levander
P. fimbriatum, Paulsen
P. marielebourae, Karsten
P. monospinum, Paulsen
P. nudum, Meunier
P. subinerme, Paulsen
P. triquetrum, Stein
P. trochoideum, Stein
P. quinquecorne, Abe
Prorocentrum micans, Ehrenberg
P. minimum, Pavillard
P. scute Hum?
* excluded from culster analysis
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OTHERS (Cryptophyceae, Chrysophyceae, Euglenophyceae)
Chilomonas sp.
Cryptomonas sp.
Euglenoid sp. I 
Euglenoid sp. II 
Silicoflagellate sp. I 
Distephanus speculum, Baeck 
Ebria tripartita? 
Pseudoisochrysis paradoxa?
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APPENDIX B
Record of occurrence of phytoplankton taxa with indications of abundance*
SPECIES.............................. 5  0  ~N— 13~  J "  "T -----H" A A H" J  J J ~ J  A S
Achnanthes
sp.I ♦ ♦ ♦ ♦ ♦ ♦ ♦ + ♦ ♦ ♦ ♦ ♦ ♦  + + ♦
sp. II ♦ ♦ + ♦ ♦ ♦
brevipes ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦
clevei + +
fimbriata ♦
longipes ♦ + ♦
Actinocyclus
ehrenbergii ♦
ehrenbergii
v. crassa +
Actinopytchus
sp. I ♦ ♦
Amphiprora
sp. I ♦ + +
alata ♦ +  + + + + + « ■ ♦ +  + +
paladosa +
Amphora
sp. I ♦ ♦ ■ ♦ ♦
sp. IV ♦ ♦ ♦ +
acuta ♦ + ♦
angusta ♦ +
angusta
v. ventricosa +
clevei +
coffeaeformis + + + + + + +  ♦ + + + + +
decussata ♦ ♦ ♦ +
graeffii ♦
lineolata + ♦ +
longa ♦ ♦ +
ostrearia + ♦ ♦
SPECIES' — ....'5 0— N" P— J ~'F H'T'A M~ J J J   J A 5
Amphora
ovalis
robusta
Asterionella 
j aponica
Attheya
decora
Bacteriastrum 
sp. I
Biddulphia
aurita
mobiliensis
Caloneis 
sp. I
brevis
Cerataulina
pelagica
Chaetoceros 
sp. I
affinis
atlanticus
brevis
compressus
concavicornis
convolutus
crinitus
curvisetus
danicus
decipiens
didymus
eibenii
laciniosus
+
♦
♦ + + ♦ 4 4 4
+ + + +♦ + ++ +♦+ ++♦ ♦+ ++♦ + + + ♦ + +
♦
+ ♦ + ♦
+ +
♦
+ 4 + ♦ + 44
4 4
4 4 4 4 44 4 4
4 4
4 4
4 4 4 4 4 4
4 4 4 4
4 4 4  4 4 4 4 4 4 4
SPECIES S 0 N "b" J F M" A ~ K— H 3' " J J ~'J 'A S
Chaetoceros
lerenzianus ♦ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
neogracile 4 4 4 4 4
peruvianus ♦ 4 4 4 4 4 4 4 4 4 4 4
similis 4 4 4 4 4 4 4 4
subtilis
Cocconeis 
sp. I 4 4 4
scutellum
Cerethron
hystrix 4 4 4 4 4
Cosinodiscus 
sp. I 4 4 4 4 4 4 44 4 4 4 4 4 4
sp. II 4 4 4 4
asteromphalus 4 4 4 4 4 4 4 4 4
excentricus
granii
lineatus 4 4 4 4 4 4
marginatus 4 4 4 4 4 4
radiatus 4 4 4 4 4 4 4 4 4 4
subbulliens 4 4 4 4 4 4
Cosinosira
polychorda
Cyclotella 
sp. I 4 4 4 4 4 44 444 444 44 44 4 444 44 44 444 44
striata
Cylindrotheca
gracillis 4 4 4
Diatoraa 
sp. I 4 4 4 4
Diploneis 
sp. II 4
5PECIKS  "S 0 N i) — j-— T M A A H J J J J---7E--S’
Diploneis 
bombus ♦
crabo + ♦ ♦ ♦ ♦
elliptica ♦ ♦ ♦ ♦ ♦ ♦ . ♦ + + +
lineata +
ovalis + ♦ ♦ + + ♦
puella + ♦
Ditylum
brightwelli + + + ♦ +  ♦ + ♦ ♦ + + +
Eunotia
sp. I +
Eunotogramma
laevis ♦
Fragilaria
sp. I + ♦ ♦ +♦
construens + ♦ + ♦
Grammatophora
marina
oceanica
v. macilenta +
Guinardia
flaccida + + + + + ♦ + + ♦  ++
Gyrosigma
balticum ♦ ♦ ♦ +
distortum ♦
fasciola + + + ♦ ♦  + +■*■ + ♦ + ♦
spencerii +
tenuissimum +
wansbeckii ♦ ♦ +
Hyalodiscus
sp. I + +
scoticus + ♦ ♦ ♦ ♦ ♦ ♦  ♦ ♦
SPbCltS 5~ ~0" N IT J F "H A A H J J 3-- 3-- K--?
Lauderia
sp. I +
Leptocylindrus
d&.iicus 44 44 4 4  44 4 4 4 4 4 4 4 4 4 4
minimus + ■ * • ♦ +  ♦ ♦ ♦+
Licmophora
sp. I 4
abbreviata 4 4 4 4 4 4 4 4 4  + + + + +
Lithodesmium
undulatum ♦
Mastogloia
sp. I +
Melosira
sp. I + ♦ +
juergensii + + + 4 4  4 4
moniliformis
v. borreri ? + + +
moniliformis *
nummuloides ♦ +
sulcata + + +
Navicula
sp. I + +
+
4
sp. II + +
sp. Ill + +  4 4 4 4 4 4 4 4
sp. IV 4 4 4 4 4  4 + 4 4 4 4
Sp.V 4 4 4 4 4 4  4
Sp. VI 4 4
Sp. VII 4 4 4  4 4  4 4 4 4
Sp. VIII 4 4 4 4
anglica + +
cancellata + + 4 4 4 4  4
SPECIES  5 0 N D " J F" H~ A A M "3~~" J..3 J"" A 5
Navicula
capitata
v.luneburgensis ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦  
granulata ♦ ♦
hyalina ♦ ♦
lattissima ? ♦
lyra ♦ ♦ ♦ ♦ ♦ ♦ ♦  + + + ♦ +
maculata + + + +
monilifera ? ♦
mutica + ♦ ♦ + + + ♦ ♦  + + + + + + + ♦
pennata ♦
peregrina ♦
placenta +
salinarum ♦ ♦ ♦ ♦ ♦ ♦  + ♦ ♦  + ♦ ♦ ♦ ♦
spicula ? +
tuscula ♦ + + ♦ +
tuscula
v. punctata ? + ♦ ♦
Nitzschia
sp. I ♦
acuminata • » ♦ ♦ ♦ + ♦ ♦  + + +
angularis «■ + ♦ + + + ♦ +  + + + +
apiculata « ■ ♦  + + + + + + +  + ♦ + + ♦
closterium + + + + + ♦ +  ♦ + +
hybridaeformis +
longissima + + + + + + + + ♦ +  ♦ + ♦ + + ♦
panduriformis + ■*■♦ + + + + + ♦  ♦
paradoxa ♦ *
plana ♦ ♦ ♦
5PHCIHS  S "  0" N "IT "J..F H A' A M' J. 3 J "'J A 5
Nitzschia
pungens
v. atlantica + + ♦ + ♦ ♦
reversa ♦ + ♦ ♦ + ♦ + ♦ ♦ ♦ ♦ ♦
seriata ♦ ♦  + + + + ♦ ♦ ♦  +
sigma ♦ ♦ ♦ ♦  + ♦ ♦  + + +  + ♦ + + +
spathulata + + ♦ ♦ ♦  + + ♦  + + + + +
vermicularis ? +
Pinnularia
sp. I ♦
Plagiogramma
vanheurcki ♦ ♦ ♦
Pleurosigma
sp.I + + + ♦ + + + « • ♦ + + ♦  + + ♦ +
distorturn +
formosum + ♦
rostratum + ♦ ♦ +
Podosira
glacilis + + +
Rhaphoneis
sp. I +
amphicerus ♦ ♦ ♦ ♦ ♦ + +
Rhizosolenia
sp. I + +
alata +
calcer-avis + + + + +  + + +  + + + + +
fragilissima ++ + + ++ + +♦ + + + ♦ +++ ++ + + *
hebata ♦ ♦
setigera + + + ♦ + ♦ +
stolterfothii ♦
Rhopalodia
sp. I * ♦
SPECIES S— 15--8-- D--3-- F--m --H J' - J " J "-J - A 5
Skeletonema
costatum ♦♦+ ♦+ ♦+ +♦+ ♦♦ + ♦ ♦ ♦  +♦+ +♦ ++ +♦ ♦♦ ++
Stauroneis
sp. I +
Stephanodiscus
astraea ♦ ♦
Streptotheca
sp. I +
Surirella
sp. I + +
ovalis +
Synedra
affinis ? + ♦ « •  + + + + + + +
sp. II ? + ♦ ♦ + ♦  ♦ +  + + +
sp. III? + + + + + + + + + +  + + + + + +
sp. IV? + + + + + + + + + +  + + + i. + +
undulata + +
Thalassionema
nitzschoides + + + + + +  + + + + + + + + + + + + +  +♦•
Thalassiosira
sp. I + ♦
baltica + + + ♦
decipiens + + +  + + + + + + + +  + + + + +
gravida +
nana + +  + +  + ++ + + ♦
nordenskioldii + ♦
rotula + + + + + + + + + + +  + ■ * ■ + + +
Thalassiothrix
delicutula +
frauenfeldii + + + + + ♦
Tropodoneis
sp. I + + *
lepidoptera ♦ ♦ ♦
SPECIES S 3 R D— 3 F— If 'X A— M J ' J™ J J~ A  S
Unidentified
pennate I + +  + ♦ ♦ +  ♦
pennate II + + ♦ ♦ ♦
pennate III + + + ♦ + + ♦ ♦  ♦ ♦
pennate IV ♦ ♦ ♦ ♦ ♦ ♦ ♦  ♦
pennate V * * * * * *  ♦ +
pennate VI * * * * * * * * * * *  * * *
pennate VII + + ♦ ♦ +  + + ■ * •  + ♦ +
pennate VIII + + ♦ + ♦ ♦  + • ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦
Unidentified
centric I +
centric II + ♦ +
centric III +
SPECIES".................... S ' 0  H D " T  F M A~ ~ A~ M' ~ T  J .." 3 T ~ ' "A"'~~ S
Dinoflagellates ♦♦ ♦ ♦ ♦+♦ +♦ ♦♦ + ♦♦ ♦♦ ♦♦ ♦♦ ++ ♦♦♦ ♦+♦ ♦♦ ♦
Ceratium
furca X
Dinophysis
acuminata X X
Diplopsalis
lenticula X X
obicularis X X
TOtundata X X X X X X
Gonyaulax
dicantha X
Peridinium
achromaticum X
fimbriatum X
marielebourae X
monospinum X
nudum X X X  X X X X
subinerme X X  X
triquetrum X X X X X X X  X X X  X X X
trochoideum X X
quinquecome X X X
Prorocentrum
micans X X X  X X X X X
minima X X X X X X X X X X X X X X X X
scute Hum X
Others
Cryptophytes ++ + ♦♦ ++ + + ++ ♦♦ ♦♦ +♦ ♦♦ ++ +♦♦ ++ ♦♦ ++
Silicoflagellates ♦ ♦ ♦ ■ * ■  + + + ♦  + + + ■*• +
Euglenoids ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦  ♦♦♦ + + + + + +
X denotes occurrence only
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